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ABSTRACT

This paper it intended to provide computer routines to solve various Astrodynamic problems. The
specific content is several PASCAL and FORTRAN source code routines. Version 1.0 evolved from the
USAFA Department of Astronautics class libraries. This collection of routines has evolved over the years.
As such, many prior instructors deserve a great deal of credit for most of the original translations and
formulations.

My involvement began several years ago with a request from AF SPACECOM/XPSY and XPDY to
provide a detailed, documented listing of various Astrodynamic routines. I have included both PASCAL and

'FORTRAN source code listings since although FORTRAN is still the industry "standard" for technical
programming, the Defense Departments desire to use ADA will surely be implemented on a wide scale basis
in the near future, and PASCAL is very similar to ADA. In addition, PASCAL allows very easy
incorporation of graphics.

Perhaps the most difficult part of this process was the development of test cases sufficient to adequately
test all the parameters of each procedure. A variety of sources for problems and answers were assembled.
Where answers were given, the check was relatively easy. With no answers, other checks between the
routines had to be made. The answers given appear reasonable from all indications but should not be
considered an absolute guarantee of the correctness of the algorithm.

The paper is divided into several sections. The main section contains diagrams and an explanation of
each procedure. (Note I refer to Procedures, Subroutines and Functions as one item in the narrative) The
Appendices contahi the PASCAL and FORTRAN source .code. Care was taken to provide very similar
PASCAL and FORTRAN listings, and identical arguments. The source code also contains extensive
information for each procedure defining Input / Output variables, local variables, constants, coupling, and
references. Finally, the test cases and answers are presented for each procedure.

The user should be aware I have developed these routin for Acedemic use and as such, they may not
match operational data exactly. I have endevered to mare each routine completly independent, and
identified all other necessary procedures.
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GENERAL INFORMATION

"Methods of Astrodynamics" is designed to provide PASCAL and FORTRAN source code for various
Astrodynamic routines. The paper does NOT derive any of the formulas as the referenced texts do this in
great detail. The reader should be aware that the variety of sources is necessary to obtain a "complete"
understanding of each algorithm. I have used three main texts in the development of these routines. The
references are listed in order of their relative completeness in describing each problem.

Bate, Roger R., Mueller, Donald D., and White, Jerry E., Fundamiatak of Astrodynaiks, New York, Dover

Publications, 1970.
Escobal, Pedro R., Methods of Obit Detemi John Wiley & Sons, New York 1965, Reprint Edition Kreiger

Publishing Co, Malabar FL, 1979
Kaplan, Marshall H., Modea Spaoscaft DYnamia and Coutroi, New York, John Wiley & Sons, 1976.

Unit systems present a problem in almost every application of these procedures since each problem has
different units. For this reason, I have programmed the routines to use canonical units, and radians
exclusively. Evr calculation uses these units, and any conversions are performed before the procedure is
called. An added benefit of canonical units is their relative magnitudes. By acting almost like a scaling
factor, the magnitudes of the numbers are reduced to much smaller scalar-like values. In addition, the
Gravitational Parameter of the Earth appears in many places in the equations. The use of the canonical
system defines the Gravitational Parameter of the Earth as 1.0, which eliminates a great deal of code. Care
should be exercised if the procedures are converted to work in a different unit system. Table 1 lists the
constants used in these programs. All these variables have been derived from the World Geodetic Survey
1984. This was accomplished using the three "base" values: equatorial radius (ft), rotational velocity of the
Earth, and the Gravitational Parameter of the Earth. If it is desired to change these conversions and
constants, be sure to update aL1 of the parameters.

Rotational Velocity of the Earth 7.292115 x 10.5 rad/s
Gravitational Parameter of the Earth 3.986005 x 105 km3 /s 2

Several "standard coordinate systems are used throughout this paper. The Geocentric Equatorial (IJK)
system refers to the Earth centered system with the I axis pointing to the Vernal Equinox and the 3 axis
perpendicular in the orbital plane. The K axis is normal to both I and J and points through the North Pole.
Next, the Topocentric Horizon (SEZ) system is used for routines simulating radar sites. In this system, the
S axis points due South from the site, and the E axis points due East. The Z axis points straight up from
the site and is parallel to the position vector. Escobal presents an excellent discussion of the various
coordinate system in Chapter 4 of his book.

The computer code was designed to be as compatible as possible between different computers. To this
end, I have adopted several features in my code to facilitate any conversion. The code presented will run
under TURBO PASCAL Ver5.5, MICROSOFT FORTRAN Ver 5.0 and VAX FORTRAN Ver 4.6.

In PASCAL, I have tried to avoid many of the powerful features of the language such as pointers,
records, and variable type structures. I have used pointers to implement all my matrix operations since this
allows the user to use almost any size matrix, within memory constraints. The matrix operations are set up
to closely resemble "normal" coding. The user is cautioned to DISPOSE (delete) all matricies when no
longer used as iterations can caues lots of memory to be uesd. The PASCAL source code was developed on
the Zenith 248, DOS 3.xx, using Turbo Pascal Ver5.5. The code uses the EXTENDED type for all REAL
variables. This feature of Turbo Pascal Ver5.0 and later, lets the computer emulate a math co-processor,
and have 19-20 significant digits without a co-processor.

In FORTRAN, I have included an IMPLICIT NONE declaration in every SUBROUTINE and
FUNCTION. This forces you to declare all variables, and should reduce many errors during program
writing. The code was first developed in LAIIEY FORTRAN Ver 3.0 and uses several of the extensions to
be compatible with FORTRAN 90 when it's released. The FORTRAN code contains no EQUIVALENCES,
VERY LIMITED GOTOs and no COMMON blocks in the subroutines library. This is designed so each
SUBROUTINE could be passed all of the arguments necessary for its operation.
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The user is cautioned when trying to compare EXACT numerical results with the answers in this listing.
Numerical accuracies of each machine are different. The use of floating point math, double precision
variables, different languages, etc., all make minor differences in the answers. If strict numerical accuracy is
needed, new answers may vary from the listing, usually in the 5th or 6th decimal place.

Technically, I have designed these routines to be compatible with a variety of orbit types. To this end,
the RandV procedure uses "p" (semi-parameter or semi-latus rectum) as it's input. This even allows
calculations for parabolic orbits. I have also used Julian Date as the standard time variable between all
routines. This simplifies many operations, and allows procedures like Herrick-Gibbs procedures to function
across two days if the sightings occur near local midnight.

I have not included any driver programs since these routines are designed to be a library which one may
attach to the main program. In pascal, each file contains similar routines, time, orbit determination, etc.,
and each is set up as a .TPU file ( TURBO PASCALs Unit structure ) so the code does not have to be
compiled each time. Likewise, the FORTRAN routines are organized the same way, and may be included at
the linking step in program developement.

Finally, although I have tried to anticipate any singularities and problem areas in the procedures, an
exhaustive search is virtually impossible. For this reason, the Department of Astronautics at the USAFA,
and I, cannot take responsibility for maintenance and upkeep of these procedures. If problems do occur,
please notify

HQ USAFA / DFAS Com'l (719) 472-4109
Attn: Capt Dave Vallado Autovon 259-4109
US Air Force Academy, CO. 80840-5701

for possible assistance and documentation/code changes. Finally, I would appreciate notification of
enhancements designed around these routines for possible inclusion into future versions of this software.

0
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World Geodetic Survey 1984
NOTE: ALL timm am far SIDEREAL time, e&pt a oted.

re, ae  1.0 DU " 20925646.325459318 ft
•- 3963.190591943 miles

- 3443.918466523 NM

* - 6378.137000000 km

1.0 AU = 149599650.0 km

1.0 TU - 13.44685108204 Min

- 806.81106492270 Sec
0.00933809102919444 Days

o 1990 - 100.3830180ego 1991 = 100.1449058

ego 1992 99.9061937'

ego 1993 = 100.6531291

0go 1994 = 100.4144172

1.0 DU 25936.241129097825 ft

7 7.905366296149

-U - 14076443812518712.80 ft3

i 7" FAMMT ROATIOU)2

0.05883359068688786

., 0.25068444793441402 -
nun

-"0.00007292115000000

6.30038809866574
solar day

b e  Semi-Minor Axis = 6356.752314200 km

ee  Eccentricity of Earth = 0.08181919084260 e2 = 0.00669437999013

f Flatenning of Earth = 1.0 / 298.257223563 0.003352810664747352
J2 =0.00108263

33 -0.00000254

J4 -0.00000161

a indicates defining parameter for WGS-84

CONY oIONS

FtToKM - 0.0003048

NmToKm - 1.8520

MilesToKm - 1.6093440

FtToMiles = 1.0 / 5280.0
i " 1.57079632679490

3.14159265358979

27r 6.28318530717959

1.0 radian 5 37.29577951308230

1.0 -= 1.0 / 0.0710151137039398
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JULIANDAY ( YrMonD,H,M,Sec, JD)

This procedure finds the Julian date given the Year, Month, Day, and Time. The Julian date is defined by each elapsed day

since noon, 1 Jan 4713 BC. Julian dates are measured from this tpoch at noon so astronomers observations may be performed
on a single "day". The year range is limited since machine routines for 365 days a year and leap years are valid in this range

only. This is due to the fact that leap years occur only in years divisible by 4 and centuries whose number is evenly divisible by
400. ( 1900 no, 2000 yes ... )

NOTE: This Algorithm is taken from the 1988 Almanac for Computers, Published by the U.S. Naval Observatory. The
algorithm is good for dates between I Mar 1900 to 28 Feb 2100 since the last two terms (from the Almanac) are commented out.

Variable Range

Inputs : Yr - Year 1900 .. 2100

Mon - Month 1 .. 12

D - Day 1 .. 28,29,30,31
H - Universal Time Hoir 0.. 23
M . Universal Time Min 0..59
Sec Universal Time Sec 0.0 .. 59.999

Outputs: JD Julian Date days from 4713 B.C.

References :

1988 Almanac for Computers pg. B2

Escobal pg. 17-19

Kaplan pg. 329-330

.JDatc = 367 (Yr)

Yr + INT(

+ INT(275 Mon)+ Day

+ Min)

+ 1721013.5 + 24



GSTI ME ]LD
This function inds the Greenwich Sidereal time. Notice just the iz ger part of the Julian Date is used for the Julian centuries

calculation.

Varible Range
Inputs JD - Julian Date days from '1713 B.C.

OutPuts: GSTinie - GST Greenwich Sidereal Time 0.0 to 27r rad

Locals Tu - Julian Centuries from I Jan 2000

Constants
RadPerDay Radians the earth rotateo* in I sidereal day 6.30038809866574

References:
1968 Almanac for Computers pg. B2
1989 Nautical Almanac pg. B6
Escobal pg. 18 -21
Kaplan pg. 330-332
BMW pg. 103-104

Two Primary methods.

1. Use Julian Date. - Preferred since one value may be used throughout many years.

Tu365 -251045.0 (Note use of Epoch : 1 Jan 2000)

GSTo = 1.753368559 + 628.3319705Tu + 6.77070812r OTU2  radians

GSTo = 100.4606184 + 36000.77004Tu + 0.00038793TU2  degrees

GST = GST0 + RadPerDay( Fraction( JDate ) )

2. Use tables for a particular year. Requires knowledge of GST at some Epoch.

Look up value for GST0 for 1 Jan, 0 1Hr of the given year.

GST = GST0 + 1.0027379003 (27r) ( DayofYr + Ifr + Min + Sec
24 1TI W64 FO

Notice the day of year is really ( Day - 1 ) since the epoch is 1 Jan

Don't forget the result is MODed by 2v since the equations give the radians since the epoch.
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ISTIME ( Lon,JD, Lst,Gst)
This procedure inds the Local Sidereal time at & given location.

Variable Range

Inputs :Lon - Site longitude (WEST) -27r to 27r rad

JD Julian Date days from 4713 B.C.

OutPuts : LST - Local Sidereal Time 0.0 to 27r rad

GST Greenwich Sidereal Time 0.0 to 27r rad

coupling:

GSTime Finds the Greenwich Sidereal Time

References

Escobal pg. 18 - 21

Kaplan pg. 330-332

BMW pg. 99 .100 Diagram pg. 100

Find GST using GSTimne procedure ( Uses Julian Date)

LST =GST + Lon (Note: East longitude is + and West Ion is -)

K

S



SITE ( Lat,Alt,L% r, RS,VS)
This procedure finds the position and velocity vectors for a site. e answer is returned in the Geocentric Equatorial (IJK)

coordinate system.

Variable Range

Inputs :Lat Geodetic Latitude -7r/2 to 7r/2 rad

Alt - Altitude DUs

LST - Local Sidereal Time 0.0 to 27r rad

OutPuts "RS RSijk Site position vector DU

VS - VSjjk Site velocity vector DU / TU

Locals:

x x component of site vector DU

z z component of site vector DU

Constants

- a Mean Equatorial Radius of the Earth 1.0 DU

EESqrd e Eccentricity of Earths shape squared 0.00669437999013

OmegaEarth - && Angluar Rotation of the Earth 0.058833590688786 rad/TU

References :
Escobal pg. 26 - 29 (includes Geocentric Lt formulation also)

Kaplan pg. 334-338

BMW pg. 94 - 98 Diagram pg. 99

x = ae ei. l,,. + alt Cos(lat)

S= e( 1-ee2 ) + alt Sin( lat )
1- ee'Sin 2( lat)

XCOS( Isi. .

RSjk - xSin( Ist

10

Vsik= I xRSijk
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M~OPOS ( rho,az, eldrho,daz, del, RhoVec,DMoVec)
This procedure inds range and velocity vectors for a satellite from a radar site in the Topocentric Horizon (SEZ) system.

Variable Range
Inputs :Rho -p Satellite range from site DUs

Az - Azimuth 0.0 to 27r rad
El - Elevation -7r/2 to 7r/2 rad
DRlio - Range Rate DU /TU
DAz - Ai Azimuth Rate rad ITU
DE1 - Ei Elevation rate r&d /TU

Outputs :RhoVec: - szSatellite range vector DU
D~hoVec - TszSatellite velocity vector DU /TU

References:
BMW pg. 84 - 85 Diagram pg. 84

[-pCos( el ) Cos( az)

Wsez p Coa( el ) Sin( az)[ p Sin( el)

S - Cos( el )Cos( az) + pSin( el )Cos( a: )e! + pCos( el )Sin( az a

Psez Cos( el )Sin( az) pSin( el )Sin( az )ei + pCos( el )Cos( az )

[Pj Si( el) + pCos( el )ei

Zh(Up satellite

Z :.

(South) /(N rh

Yh (East)



TRACK ( rho,az,eI,drho,daz,del,LatLSTRS, RN )
This proccdure inds range and velocity vectors in the Geocentric Equatorial (IJK) system given input from a radar site.

Variable Range

Inputs : Rho - p Satellite range from site DUs

Az - Azimuth 0.0 to 27r rad

El - Elevation -7r/2 to 7r/2 rad

DRho - j~Range Rate DU ITU
DAz - Ai Azimuth Rate rad /TU
DEl - El Elevation rate rad /TU
Lat - Geodetic Latitude -7r/2 to 7r/2 rad

[ST . Local Sidereal Time 0.0 to 27 rad

RS - 'ffq Site position vector DU

Outputs :R - 1ik Satellite position vector DU
V - Viik Satellite v~ocity vector DU /TU

Locals
RhoVec - range vector from site DU
DRhoVec - Te velocity vector from site DU /TU
RhoV - Tikrange vector from site DU
DRhoV - ikvelocity vector from site DU /TU

Constants :
OmegaEarthwo Angluar Rotation of the Earth 0.058833590088786 rad/TU

Coupling:
RVToPo. Find R and V from site in Topocentric Horizon (SEZ) system

References
BMW pg. 85.89, 100-101 Diagram pg. 88

..... . . ..... .... . .. ..... . .. ....... .............. ...... .... .... . .. ........ . .

Use procedure RVToPOS to Find 7. and -e[ Sin(lat)Cos(Ist) .Sin(bst) Co4(lat)Cos(lst) 1
Pijk = Sin(lat)Sin(Ist) Cos(lsit) Cos(lat)Sin(lst)[ Coa(lat) 0 Sin(lat) J
rijk = Aijk + ROijk

[ Sin(Iat)Cos(lst) .Sin(lst) Cos(lat)Cos(let) 1
PiJk = Sin(lat)Sin(lst) Cos(lat) Cooslat)Sin(Ist) Psez[ Cos(lat) 0 Sin~lat) J

7ijk = Tijk + 6x



RAZEL (R,V,Lat,LSTRS, rho,az,eI,drho,daz,del)
This procedure calculates Range Azimuth and Elevation and their rates given the Geocentric Equatorial (IJK) Position and

Velocity vectors.
Variable Range

Inputs :R - %ik Position Vector DU
V - Viuk Velocity Vector DU / TU
Lat Geodetic Latitude -1r/2 to 7r/2 rad
LST - Local Sidereal Time 0.0 to I rad
RS - Igj Site Position Vector DU

Outputs :Rho - p satellite range from site DUs
Az - Azimuth 0.0 to 2Z rad
El - Elevation .7r/2 to 7/2 rad
DJIho -p Range Rate DU/TU
DAz - Ai Azimuth Rate rad /TU
DEl - El Elevation rate rad /TIJ

Locals dRhoV - Tuuk Range Vector from site DU.
DRhoV - ~k Velocity Vector fromx site DU /TU
RixoVec - Pse Range vector from site DU
DRhoVec -Pse Velocity vector from site DU /TU

Constants

OmegaEarthwo Angluar Rotation of the Earth 0.058833590688T86 rad/TU

References
BMW pg. 84-89, 100-101

.r~. r

rotation



Tijk -= 7ijk - ik

Puk = ijk -~

SSin(lat)Oos(Ist) Sin(lat)Sin(lst) -Coe(lat)

Tsez = -Sin(Ist) COO(lst) 0 TjLCo(lat)Co(lst) Coe(Iat)Sin(lst) Sin(lat) j

Sin(lat)Cos(Ist) Sin~lat)Sin(Ist) -Cos(lat)

Psez = in(Ist) Cos(Ist) 0 jijkLCooelat)Coe(Ist) Cos(Iat)Sin(Ist) Snlt

El A n 7P, D + e

Az =ATan2 ( 1 .mTPe 2  -P

Rate terms are found by rearranging relations in procedure RVTOPOS

Psez Psez

Pipj - i

pi + f

El -Pk Sin(El)

8



ELORB ( RV, pa,einc,Omega,ArgpNuo,M,u,I,CapPi)
This procedure finds the classical orbital elements given the Geocentric Equatorial Position and Velocity vectors. Special cases

for equatorial and circular orbits are also handled.

Variable Range
Inputs :R - F 13K Position vector DU

V - V IJK Velocity vector DU / TU

Outputs :p - Semi-latus rectum DU
a semi-major axis DU
e - eccentricity
inc . i inclination 0.0 to 7r rad
Omega -9( Longitude of Ascending Node 0.0 to 27r rad

Argp .w Argument of Perigee 0.0 to 2W rad
Nuo -V True anomaly 0.0 to 27r rod
u - Argument of Latitude (CI) 0.0 to 2W rod

I True Longitude (CE) 0.0 to 27r rad
CapPi - HI Longitude of Periapais (EE) 0.0 to 2r rod
M - Mean Anomaly 0.0 to 27r rod

Loca
lbar -~ Angular Momentum DU2 /TU
Ebar . Eccentricity
Nbar . if Line of Nodes
SME .19 Specric Mechanical Energy DU 2 /TU 2

References
BMW pg. 58 -71
Escobal pg. 104.107
Kaplan pg. 29.- 37

.. .. ... ... .. ... ... .. .. .. .. .. ... .. ... .. .. .. .. .. ..



P= ixV

2 (y V/Vj

S V 2 -

a IL

= h2

= Coo 1[kT- i is always between 0.0 and w

l Cos- [ l~ L] If n] < 0 Then fl : 2w - 0
k in j

w coo-1[w ] If efk] < 0 Then w = 2x-w

v -Cos = 1 r If Y. V <0 Then v= 2z- v

Evaluate Special caes
If Circular Inclined:

U = Co.'[ .r4' Ifrk]<0 Then u = 2-u

If Circular Equatorial:

Coo' - Ifrj]< 0 Then 1 = 2w - l and

IfInc>r Then I = 2w -I
IF Elliptical Equatorial:

II = Co -i.L i Ifej]<O Then 11= 2,-Il
IfInc>j Then 11 = 2w - II

Find Mean Anomaly
IF H yperbolic: e + C os L,

F1 + ,

M = eSinh(F)- F

IF Parabolic:
D = OTan(p)

M = 1(3pD +D 3 )

IF Elliptical:
E " ATAN2 i- - e s in : +CO V)

M = E-eSin(E)

IF Circular:
M = L it Circular Equatoril

ori
M U if Circular Inclined

10



Classical Orbit Elements
Ref BMW pg. 59

' direction

9R

T9ieo
Vernl eqinoxnode



RANDV ( p,a,e,inc,Omega,ArgpNuo,u,I,CapPi, R,V)

This procedure finds the position and velocity vectors in Geocentric Equatorial (IJK) system given the classical orbit elements.

NOTICE P is used for calculations and that A is not used at this time. This convention allows parabolic orbits to be treated as

well as the other conic sections.

Variable Range

Inputs p - Semi-latus rectum DU

a - sem-major axis DU

e - eccentricity

Inc - i inclination 0.0 to ?r rad

Omega - 1 Longitude of Ascending Node 0.0 to 27r rad

Argp - w Argument of Perigee 0.0 to 2r rad

Nuo - V True anomaly 0.0 to 2x red

u Argument of Latitude (CI) 0.0 to 27r rad

I True Longitude (CE) 0.0 to 21K rad

CapPi - II Longitude of Periapsis (EE) 0.0 to 2 rad

Outputs :R -ijk Poition vector DU

V - Vij k  Velocity vector DU / TU

Locals iRpqw - pqw Position vector DU

Vpqw - Vpq w Velocity vector DU / TU

References

BMW pg. 71-73, 80-83

Escob&l pg. 68.83

................



Determine transformation angles for special cases as:

If Circular Equatorial:
set w,fl= 0.0 and let v= I

If Circular Inclined:
set w= 0.0 and let v =u

If Elliptical Equatorial:
set - 0.0 and let w= H

p Coo(v) 1
1 + eCos( v)

p Sin( v )
rqw = 1+ eCoe(v)

0

- -Sin( v, 

1
vlxl -- e + Cos( )

~~~jkpq = Co Tii 1yq

Coo fCos W-Sin flSin wCo I -Co flSin W-Sin flCos wo. i +Sin Sin I1

V1  Sin flCo w+Co asin wCos i -Sin 11SIn w+Cos W2Coe wCo i -Cos iSn i Vpqw
Sin W#Sin I Cos w#Sin I Cos 1

Coo QCOG (#-Sin MSin (#Cos i -Co f)Sin W#-Sin Q Co wCo 1 +Sin MSin i

V'k = Sin fCod (-Cos QSln Cos i -Sin Min W+Cos fCos wCo i -Cos Min i Vpqw

Sinwin i Co U)Sin i Coo i

13



GIBBS( rl,r2,r3, v2,Theta)

This procedure performs the Gibbs method of orbit determination. This method determines the velocity at the middle point of

the 3 given position vectors. The Gibbs method is best suited for coplanar. scouential position vectors which are mnre than 10

deg apart. Notice the angle between the vectors is passed back so the user may make a decision about the accuracy of the

calculations as vectors which are 120 deg apart may be accurate, while vectors 8 deg apart may not. The method will calculate

the resulting velocity using the vector IN THE ORDER GIVEN.

Variable Range

Inputs :R1 - F IJK Position vector #1 DU

R2 -7 2  IJK Position vector #2 DU

R3 -73  IJK Position vector #3 DU

Outputs :V2 - V2  Velocity Vector for R2 DU / TU

Theta - Angle between the vectors rad

Locals p,q,w,d,n,sbMisc Vectors

References

BMW pg. 109-116 Diagram pg. 109

Escobal pg. 306-307

P = F2 X F

= 73X F1

W= 7rx F

Check that the vectors are Coplanar. is I to 72 and F3, so •, must equal 0 for the vectors to be

Coplanar.

N= r1  + r2Q + r3W

Check that the orbit is possible. U and N must be non-zero, i.e. the vectors are not Colinear and they must be

in the same direction, 5 • > _ 0.0.

= (r2 -r 3 ) F + (r 3 -r) i+ (r 1 -r 2 ) W

= X F2

r@L2 F + L9

14



HERRGIBBS( rl,r2,r3,JD1,JD2,JD3, v2,Theta)
This procedure implements the Herrick-Gibbs approximation for orbit determination, and finds the middle velocity vector for

the 3 given position vectors. The method is good for fast calculations and small angles, <= 10 deg. Notice the angle between
vectors is passed back to allow the user to make a decision about the accuracy of the results since vectors about 12 deg apart

may be accurate, while vectors 170 deg apart would not. The observations MUST be sequential and taken on one revolution.

The Use of Julian Dates for Input makes it much easier to perform calculations where the sights occur around midnight.

Variable Range

Inputs :RI - F1 IJK Position vector #1 DU
R2 - F2  IJK Position vector #2 DU

R3 -f 3  IJK Position vector #3 DU
JD1 - Julian Date of 1st sighting days from 4713 B.C.

JD2 - Julian Date of 2nd sighting days from 4713 B.C.

JD3 - Julian Date of 3rd sighting days from 4713 B.C.

Outputs :V2 - V2  IJK Velocity Vector for R2 DU / TU

Theta Angle between the vectos red

Locals angl - Angle between rl and r2 red

ng2 - Angle between r2 and r-3 rad

pow - Vectors

References

Escobal pg. 254-256, 304-306

. P r2 X F3~F3 X 1

Check that the vectors are Coplanar. P is -. to F2 and F3 , so P F1 must equal 0 for the vectors to be Co-
planar.

Angl - Co l( P )

Ang2 = I Cos A 3

Check for the amount of space between the vectors. If the distance is too great,
the accuracy could be a problem.

V =- - (t3-t2) ((t2tl(t3-tl) + Y) )l
V2( -( ---I T -t1 ) 1T --

+ ( (t3-t2)-(t2-tl)(t3-t2) + I ) 2

+ (t2-tl) ((t3t2)(t3tl) + 1 F)3

15



FINDCandS ( Znew, Cnew,Snew)
This procedure calculates the C and S functions for use in the Universal Variable calculations. NOTE equality is handled by

the series expansion terms to eliminate potential discontinuities. The series iA only used for negative values of Z since the

truncation results in rather large errors as Z gets larger than about 10.0.

Variable
Inputs :ZNew Z variable

Outputs XCNew C function value

SNew S function value

References
BMW pg. 207-210 Diagram pg, 209

Kaplan pg. 304-305

IfZ n < 0.0

C I Zn + Zn2  Zn3  Zn4  zn
21 4! 61 - + - .- -1 +.

Zn Zn2  zn3  Zn4  zn53= --- 7! 9.! 11n+ -- 5

if Zn > 0.0

C -Co(4@
Zn xl I

z -----,

16



Keplers Equation - NEWTONR ( e,M, EO,Nu)

This procedure performs the Newton Rhapson iteration to find the Eccentric Anomaly given the Mean anomaly. The True

Anomaly is also calculated.

Variable Range

Inputs :e - Eccentricity 0.0- 1.0

M Mean Anomaly 0.0 - 2Pi rad

Outputs :EO - Eo  Eccentric Anomaly 0.0 - 2Pi rad

Nu - V True Anomaly 0.0 - 2P rad

Locals £E1 El  Eccentric Anomaly, next value rad

References

BMW pg. 184-187, 220-222 Diagram pg. 221

E =M

LOOP

Eo = El

Eo -eSin(E o ) -M
E E1 - e Cos ( E0 )

UNTIL [ El - E0 I < 0.0000001

v 1Atan2( -e2 ' 1-eCo( El) 

- I-

-. .. . ....................... ........... ........ .

0
C

0
0

I2I
Eccenirlc anomaly E

17



KEPLER ( ro,vo,t, rv)
This proceduie solves Keplers problem for orbit determination and returns a future Geocentric Equatorial (IJK) position and

velocity vector. The solution procedure uses Universal variables.

Variable Range
Inputs :Ro - Fo 13K Poition vector - initial DU

Vo -7 0  13K Velocity vector,- initial DU /TU
t . t Length of time to propagate TU

Outputs :R - iF IJK Position vector DU
V - V 13K Velocity vector DU /TU

Locals F,G - f and S expressions
FDot,G Dot - t~ Derivatives of f and g expressions
X01d . X0  Old Universal Variable X
XNew . X n New Universal Variable X
ZNew - ZZ New value of z
CNew . (7 C(z) function
SNew . S S(z) function
DeltaT . dt change in t TU
TimeNew - tn New time TU
A - Semi major axis DU
Alpha . Cr Reciprocol I/&
SME . Specific Mechanical Energy DU2 /TU 2

S . Variable for parabolic case
W Variable for parabolic case

Coupling:
Find~andS Find C and S functions

References:S
Kaplan pg. 304-308 ( Includes first guess for x if parabolic)
BMW pg. 191-199, 203-212 Diagram pg. 195

- Given: r01vY0, t -to

Find: r, Y

18



-2

Set up first guess as follows: NOTE since to is 0.0, 1W~o reduces to t
Circle or Ellipse:

Check if' ct 1.0 since this makes the first guess too close to converge.
Parabola:

Cot( 2s) 3--

Tan3w =Tans;

TanQjv) =2 Cot( 2w)

xo su ~ Tan- v)- Tan( VL)]

Hyperbola:

x sign( t-to) Iln[ -2pe (1Wo)

LOOP 0Lo Vo +sign(t-o I (- root)

Zn = 02o

if Zn < 0.0

C =- -I Zn+ Zn zn3 +S Zn +Zn 2  z n3

if Zn > 0.0

C I ,~ Cs = 2i ~ -Sin( j2Z)

X0 
3s+ to -VOX02 C + roxo( I.ZnS)

X0 
2c+ F0. -x 0 ( I -ZnS)+ ro( i ZnC)

=dt- tt
Xtn

- - Check if elliptical orbit ( A > 0.0 and & < 0.0 ) and xn > 2wq4a. If so, change dt so the iteration
oesn't converge m~ quickly. A value of (l0.0)dt in the preceding equation seems to work.

X0= Xn

UNTIL It -tn I < 0.00001

f =1- Xg - x3

F f Y,+ V

V = i ? + V0
19



GAUSS ( rlr2,dmtime, vlv2 )

This procedure solves the Gauss problem of orbit determination and returns the velocity vectors at each of two given position
vectors. The solution uses Universal Variables for calculation and a bisection technique for updating Z. This method is slower

than the Newton iteration discussed in BMW, but it does NOT suffer problems with negative z values, and is valid for ellipses
LESS THAN one revolution, parabolas, and Hyperbolas. Also note the selection of small since the algorithm is very sensitive to
changes in this variable. A value of 0.001 will converge in say 10 iterations instead of 25 iterations with & value of 0.00001, and

the accuracy will differ in the 3rd-4th decimal place. I chose to keep the higher accuracy for cases like the example, BMW pg.
274, #5.10.

Refer to graph on BMW pg. 235 for ranges of z.

Variable Range
Inputs : Ri - Fint IJK Position vector of interceptor DU

R2 " Figtl IJK Position vector of target after time DU

DM - direction of notion 11,'S'
Time - to  Time between R1 and R2 TU

OutPuts: Vi - V1 traJJK Velocity vector of transfer orbit DU / TU
V2 - V2 traJJK Velocity vector of transfer orbit DU / TU

Local Variables
VarA - Variable of the iteration, NOT the semi major axis!

Y -y

F,G - f,g f and g expressions
GDot - i Derivative of g expression

XOld x0  Universal Variable X

ZOld Z0  New value of z

ZNew - Zn New value of z
CNew - C C(z) function

SNew - S S(z) function

TimeNew - t New time TU

References
BMW pg. 228-241 (Uses a Newton iteration) Diagram pg. 235

20



GAUSS (IF2,dm,to, V1 V2 )
Cos AV= 12-F1. F2

dm = + (Short Way) or - (Long Way)

VarA = dm4rlr2 ( 1 + Cos( A v)) If VarA = 0.0, the orbit is not possible

Guess Z0 = 0.0, therefore C = and S

Set bounds: Upper = 4x 2 and Lower = -4v

LOOP:

Yn = r, + r2  VarA( 1 7S)

Check if VarA > 0.0 and y < 0.0, then re-adjust lower bound of Z until y > 0.0

= 4

= X0
3S + VarA. y,1

IF t < to reset lower bound =Z o
else

IFt > to reset upper bound=Z o

= upper + lowerZn =2

Calculate C and S:

If Zn < 0.0

Zn Zn2  Zn3  S Zn Zn2  Zn 3

+. 1 6! _ _.
(-4 - +-! 8! +  " s= ---Ts +-!- 9!--  '

If Zn > 0.0

C 1CO( S 4 - Sin( 4Z)(3=Zn S ",Zn 3

Zo = Zn

Check if the first guess is too close

UNTIL I t-to I < 0.00001

Evaluate f and g coefficients

f = 1- g = VarAxS'4
T 2- f"

Yn

21



IJKtoLATLON -( R,JD, Latgc,Lon)
'This procedure convert* a Geocentric Equatorial (IJK) position vector into latitude and longitude. Geodetic and Geocentric

latitude are'found.

Variable Rlange
Inputs :R -F IJK Position Vector DU

JD - Julian Date days from 4713 B.C.

Outputs :GeoCnLat - Geocentric Latitude -1/2 to Ir/2 rad
Lon - Longitude (WEST -)-27r to 27r rad

Loca
Rc - Range of site w.r.t. earth center DU
Height - Height above earth w.r.t. sits DU
Alpha . a Angle from I axis to point, LST rad
DeltaLat - A LatDiff between Delta and Geocentric lat rad
GeoDtLat - Lat gd Geodetic Latitude rad
Delta - b Declination angle of RI In 1WK system rad
AE -ae Equatorial radius of Earth DU
CST - Greenwich Sidereal Time rad

Constants
Flat -f Flatenning of the Earth 0.003352810664747352

Coupling :
GSTime Greenwich Sidereal Time

References:
Escobal pg. 39&.399

r= ri + ri+rk

a = Tan-'I )

Use procedure GSTIme to Find GST
Long = or C ST

j + rj

Let L&tgc =6b

LOOP = e I-(f-2
Re 1- 1 2-f2) )c C 1- 2f- f ) o7( Ltgc)

Latgd =Tan -1(j1 ZjTan( Ltgc)

Height = ,r 2 - Rc2 Sin2( Lat gd-~ Latgc) RcCos( Latgd- Latgc)

A~ Lat - , i1 He in s (Latgd- Latgc)

Lotg =6- Lat

UNTIL ALatn-.1 _tALatn < 0.00001
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RNGAZ ( Llat,Llon,Tlat,Tlon,TOF, Range,Az)
This procedure calculates the Range and Azimuth between two specified ground points. Notice the range will ALWAYS be

within the range of values listed since you do not know the direction of firing, long or short. The procedure will calculate

Rotating Earth ranges if the TOF is passed in.

Inputs
LLat Start Geocentric Latitude -1r/2 - 1/2 rad

LLon Start Longitude (WEST -) 0.0 - 27 rad

TLat End Geocentric Latitude -X/2 - 7/2 rad

TLon End Longiude (WEST-) 0.0 - 27r rad

TOF Time of Flight If ICBM, 0.0 otherwise TU

Outputs
Range - A Range between points 0.0 - r rad

As ./ Azimuth 0.0 - 21 rad

Constants

OmegaEarthwo Angluar Rotation of the Earth 0.058833590688786 rad/TU

References

BMW pg. 309-311

A Cos-' ( Sin( Liat ) Sin( TLt ) + Cos( Liat ) Cos( Tlat ) Cos( Tlon-Llon +woTOF))

Check for singular values of Range, 0.0 or half the distance around the Earth

C -, ( Sin( Mat) Cos( A ) Sin( Tlat)
Sin( A) Cos( Liat )

Check if the Azimuth is greater than 180 degrees by

IF Sin( Tlon -Lion + woTOF ) < 0.0 THEN

23



PATH ( Llat,Llon,RangeAz, Tlat,TIon)
This procedure determines the end position for a given range and azimuth from a given point. Notice the use of ATAN2 to

eliminate quadrant problems. Also, Geocentric coordinates are used since the Earth is assumed to be spherical.

Inputs :

LLat - Start Geocentric LatKude - ?r2 - #/2 rad

LLon - Start Longitude 0.0 - 2w rad
Range - A Range between points DU

At -13 Azimuth 0.0 - 2r rad

Outputs :

TLat End Geocentric Latitude -7r/2 - T/2 rad

TLon End Longitude 0.0 - 2w rad

Loca :
DeltaN . A N Angle bteween the two points rad

Coupling :

Atan2 Arc Tangent function which also resolves quadrants

References :

BMW pg. 309-311

Make sure Azimuth, Lion, and Range are within first quadrant constraints

TVat = Sin1( Sin( Llat ) Cos( A ) + Cos( Lit ) Sin( A ) Cos( 3 ) )

AN ATANd Sin( Az ) Sin( A) Cos( A )- Sin( Tlat ) Sin( Llat)
N . .Cos( Tiat) Coo( Tiat ) Cos( Lit) )

Tion = Lion + AN

Check quadrants of TIon
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TRAJEC ( Llat,Llon,TIat,Tlon,RboQ,TypePhi,
Range,Phi,TOF,Az,ICPhi,ICVbo,ICRboVn)

This procedure calculates the Range, Azimuth, and Time of Flight between two specified ground points for an ICBM with as
known Q. Calculations depend on knowledge of burnout conditions, and the Iterations are performed for either a high or low
trajectory. Notice the ICBM will fly on an inertial trajectory, and values for earth relative velocities, etc., are calculated after
the iteration. Notice these calculations do not support trajectories over half the world away.

Inputs :LLat - Start Geocentric Latitude -r/2 - ?r/2 rad
LLon Start Longitude (WEST -) 0.0 - 27r rad

TLat - End Geocentric Latitude -7/2 - r rad
TLon - End Longitude (WEST -) 0.0 - 27" r&d
Rbo - Radius at burnout DU

Q Non-dimenslonal Q performance based on Inertial Velocity
TypePhi - Type of trajectory, High ot Low 'H', 'L'

Outputs :Range - A Rotating Range between points 0.0 - Ir rad
Phi - ' Inert Flight Path Angle r&d
TOF Rotating Earth Time of Fligth TU

Az - j Inert Azimuth 0.0 - 2" rad
ICPhI Influence Coefficient for Phi rad/rad
ICVbo Influence Coefficient for Vbo rad/ DU/TU
ICRbo Influence Coefficient for Rbo rad/rad

Vn Velocity the missile needs to provide DU/TU

Locals .QBoMin Minimum Q for a given range

A Semi Major Axis DU

Ecc - e Eccentricity

E - E Eccentric Anomaly r&d
RangeOld Iteration value of range DU
Vbo Inertial Velocity DU/TU
VEarth Earths velocity DU/TU

Constants :
OmegaEarthwo  Angluar Rotation of the Earth 0.058833590688786 rad/TU

Coupling :
RngAz Finds range and Azimuth given two points

References :

BMW pg. 293-313
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Find Range and Azimuth using RNGAZ A,

rbo
2- Q A

2Sin( y)

1 + Sin(4T)

IF The ICBM trajectory is possible ( Qbo > Qbmin)

LOOP

IF High Trajectory:

IF Low Trajectory

0 .5(Sid'( 2 -Q Sn(4p )
1= 1+ Q(Q-2) Co, 2( )

o - Co.( A )
E Coe'( A)1- eCoa( -A )

TOP =2 $r ( 7r- E + e Sin( E))

Find Range and Azimuth using new TOP A,

UNTIL (RangeOld- A ) > Small

Vbo =

Evaluate Influence Coefficients

8.U Sin
2 ( A)

V3 -borb S;n( 20)

4/1 Sin2( A)
Ivr---- o Sin( 20

ICO= 2Sin(A+2 2
Sin( 20' 2

Vearth wo~os( Llat)

-Vcos( 0 )Cos( )

V. = VboCo-( 0 ) Sin( 0

VboSin( € )
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J2DRAGPERT ( Inc,E,N,NDot, OmegaDotArgpDotEDot)
This procedure calculates the perturbations for the predict problem involving secular rates of change resulting from J2 and

Drag only.

Inputs : Inc - i Inclination rad
e - Eccentricity

N Mean Motion rad/TU

NDot - fi Mean Motion rate rad / 2TU2

Outputs :OmnegaDot - Long of Asc Node rate rad / TU

ArSpDot - Argument of perigee rate rad / TU

EDot - Eccentricity rate / TU

Locals p Sen-parameter DU
a Semi-major axis DU

Constants :

J2 - J2 J2 harmonic of the Earth 0.00108263

References -

Escobal pg. 369
O'Keefe et &L, Astronomical J, Vol 64 num 7, pg. 247 for Edot

J2 First order equations where n = 2

a =

=

1 0

W = no I+ J2 p--- - I - Sin )

? = _o- 3 p-2 o t= 3( J2 c04,
= o - T ( 4 I)W(t 0o)1 P

S= wo + 4~.2 -5 Sin2]) -o)

M Mo + H(t-to)

Drag - Simplified by assun . g radius of perigee is constant as drag reduces semi major axis a, therfore, proceed as:

rp = a (1 - e)

Arp = Aa(1-e)-aAe , 0

e 2 (1 - e) fo (t - = 2 (1 - e) fio
o  0

27



PREDCT(JDJDEgoch,No, N pot,o, o, O o.Omega ot, rgpo,ArgpDot, Moat, on,A1t, R9o,Az,EI,Vis)

This procedure determines the azimuth and elevation for the viewing of a staellite from a known ground site. Notice the Julian
Date is left in it's usual DAYS format since the dot terms are input as radians per day, thus no extra need for conversion. The
Julian Date also facilitates finding the site position vector. Also observe RANDV is not used since this would merely accomplish
extra calculations. The iteration is left out to allow the user to set up his own loop to look for possible sighting times.

Inputs :JD Julian Date of desired observation Days

JDEpoch Julian date of epoch for satellite Days

No - no  Epoch Mean motion rad/day

Ndot - ho Epcoh Half Mean Motion Rate rad/2day 2

Eo - eo  Epoch Eccentricity

Edot - eo Epoch Eccentricity rate /day
Inco - io  Epoch Inclination rad

Omegao 9 o Epoch Lon of Asc node rad
OmegaDot - 0o Epoch Lon of Asc Node rate rad/day

Argpo - wo  Epoch Argument of perigee rad

ArgpDot - Co Epoch Argument of perigee rate rad/day
Mo Mo Epoch Mean Anomaly rad

Lat Geodetic Latitude of site rad
Lon - Longitude of site rad

Alt - Altitude of site DU

Outputs :Rho p Range from site to satellite DU

Az - / Aimuth rad
El Elevation rad

Vis Visibility Radar Sun, Eye, Radar Nite, Not Visible

Locals :Variable o denotes the epoch value, while no o is current

Dt Change in time from Epoch to desired t days
A Semi major axis DU
EO Eccentric Anomaly rad

Nu - True Anomaly rad

LST Local Sidereal Time rad
GST Greenwich Sidereal Time rad

Theta Angle between IJK Sun and Satellite vec rad
Dist Ppdculr distance of satellite from RSun DU

R IJK Satellite vector DU
RS IJK Site Vector DU
VS Site Velocity vector DU/TU

RhoVec Site to satellite vector In SEZ DU
RHoV Site to satellite vector in IJK DU

RSun Sun vector AU
Coupling

SUN Position vector of Sun

SITE Site Vector

LSTime Local Sidereal Time

NewtonR Iterate to find Eccentric Anomaly

References

Escobal pg. 369
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Dt =JD -JDepoch
Update orbital elements from epoch to current time, JD

e= e 0 + i 0 At
i =io

M = +n At+ noA t2 NOTICE! The NORAD 2-card element set has n.i sent as!0

Use NEWTONR to Find Eccentric Anomaly and True Anomaly E and 1', Then find position vector
a = n72/3

p Co$( V)
I 1+ eCo.( V )

~~~ [1 Sin( V)j

L Cos SICos W-Sin fQSin WCos i -Cos flSin W-Sin W~oe WCos i +Sin MSin i

=ij Sin QCos W+Cos Mlin WCos i -Sin Mlin W+Cos Mioe WCos I -Co. M~in i Rpqw

Sin WS-n CosaWSin i Cosl J
Use LSTIME and SITE to find the LST and the Shte Vector 0j

Pik = k - I~k

Find Topocentric Right ascension and Declination

w RtAsc =ATan2( TP2'p A

Dccl =Sid' ( k[ Sin(lat)Coo(Ist) Sin(lat)Sin(lst) .Cof(lat)

= -Sin(lst) Cos(let) 0 Pj

Check Visibility
IF Above the Horizon

Pz > 0.0
IF Night Time at the site

* Mijk * IUniUk < 0.0
IF Satellite not in Earth's shadow

Find angle 0 between K~ and Mu-
Dist = R Cos( 0 - 96)
If Dist > 1.0 ( DU's ), satellite is visible to the eye

Find Topocentric Azimuth and Elevation

Az =ATan2 ( ____ -Ps
( JPJ + Pe 'T ~.2 + Pe

El Si I .( Pz)
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RENDEZVOUS ( Rcsl,Rcs2,Phasel,NumRevs, PhaseFWaitime )
This procedure calculates the parameters for a Hohann transfer type rendezvous.

Inputs : Rcs1 r1-  Radius of circular interceptor DU

RCs2 r2-  Radius of circular target DU
Phaeel - Oi Initial Phase angle rad

NumRevs - Number of revs to wait

Outputs :PhaeF - of Final Phase Angle rad

WaitTime - Wait time until next opportunity TU

Locals LeadAng - Qt Lead Angle red

A - a2  Semi-major axis DU

Constants

References

For the Transfer orbit

r1 + r2a2 = ---

Time of flight for a lohmann transfer Is half the period of the transfer orbit:

TOF= $

From the formula for circular satellite speed:

Vtg t "

Vin t  4r2

a = Vtg t TOF

4J = Z-a

Wait - 1+ 21 NumRevs

Vin t - Vtg t
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Hohmann ( R1,R3,el,e3,Nul,Nu3, DeltaV1,DeltaV2,TOF)
This procedure calculates the delta v's for a Hohmann transfer for either circle to cirlce, or ellipse to ellipse. The notation used

is from the initial orbit (1) at point a, trasnfer is made to the trasnfer orbit (2), and to the final orbit (3) at point b.

Inputs :R1 - Initial position magnitude DU
R3 - Initial position magnitude DU

el - Eccentricity of orbit 1

e3 - Eccentricity of orbit 3

Nul True Anomaly of orbit I red

Nu3 - True Anomaly of orbit 3 rad

Outputs :DeltaVa - Change of velocity at a DU / TU

DeltaVb Change of velocity at b DU / TU

TOF - Time of transfer TU
Locals MI - Vlo velocity at a DU I TU

V2& - v2, velocity at a DU I TU

V2b - v2b velocity at b DU / TU
V3b - V3b velocity at b DU / TU

A - a2  Send-major axis DU
References :

From the formula for circular satellite speed

VI 1a\
V31, =-- 4F-1

For the Transfer orbit

r, + r3a2 = -=-

From the equation for elliptical satellite speed

v2b 2P

S= 2a - a + I V3b- v2b

Time of flight for a Hohmann transfer is half the period of the trwsfer orbit
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ONE TANGENT ( R1,R3,el,e3,Nul,Nu2,Nu3, De~taVl,De~taV2,TOF)
This procedure calculates the delta v's for a one tangent transfer for either circle to cirlce, or ellipse to ellipse. The notation

used is from the initial orbit (1) at point a, trasnler is made to the trasnfer orbit (2), and to the final orbit (3) at point b.
Inputs :11I Initial position magitude DU

R3 - Initial position magnitude DU
el - Eccentricity of orbit I
e3 - Eccentricity of orbit 3
Nui True Anomaly of orbit 1 rad
Nu2 - True Anomaly of orbit 2 rad
Nu3 - True Anomaly of orbit 3 red

Outputs :DeltaV& Change of velocity at a DU / TU
DeltaVb - Change of velocity at b DU / TU
TOF - Time of transfer TU

Locals Via - via velocity at a DU /TU
V2A - v2a velocity at a DU / Ti)
V2b - v 26  velocityat b DU /TU
V3b - v~b velocity at b DU) / Ti)
A - a.2  Semi-major axis DU

References:

Consider the one tangent burn transfer Illustrated to the right. Before determ-ining the total change in velocity, the transfer
orbit eccentricity must be calculated.

e 2 = r 3 - P ,r , = 2 ( e 2 ) a
Cos V2b - T-2

From the formula for circular satellite speed:

Viab = 0
From the equation for elliptical satellite speed:

v2a = T11F 11 V2b =V-

A va= 1 V2 -Via I

The flight path angle is needed for the non-tangential transfer at b

e e2 Sin V2bTan 02 b =- l+e 2 Cos V2 b

Since the final orbit is circular, 0i3b = 0.0.

v 'b = +v3b + 2b -
2v3bv 2bCo5 (03b - 0~2b)

The total A v is simply the sum of the two burns.

A~V = A~V&+ tAVb

Time of flight is calculated using Keplers Equation.

TOF - ~2k~r + (E -e 2 Sin E) - (E0 - e2 SinE 0 ))

Since this transfer is initiated at periapsis, E. 0.0. The transfer does not pass periapais, so k must =zero,

Cos E =- 4 2 C-5L 2b
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HILLSR ( RVAItT, RINI1
This procedure calculates the various position information for Hills equations. Notice the XYZ system used has Y colinear with

Target Position vector, Z normal to target orbit plane, and X in'the direction of velocity.

Inputs :R Initial position vector of INT DlU
V - Initial velocity vector of INT DU/TU
Alt Altitude of target satellite DlU
T - Desired Time TU

Outputs :RI Final position vector of INT DlU
V1 Final velocity vector of INT DU/TU

Locals M Circular velocity (if INT DU/TU

References
Kaplan pg. 108-115

n=4

x(t)- = TSin nt -Q+ 3X0 ) Cos nt +(r2+ 4x0

y(t)- = k o t+(# X inn O-20 (0 6x

z(t) = zo Cos nt + i 0Sin nt
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HILLSV ( RAItT, V)
This procedure calculates the initial velocity for the Hills equations. Notice the XYZ system used has Y colinear with Target

Position vector, Z normal to target orbit plane, and X in the direction of velocity.

Inputs :R - Initial position vector of INT DU

Alt - Altitude of target satellite DU
T - Desired Time TU

Output. :V - Initial velocity vector of INT DU/TU

Locals a Circular velocity of INT DU/TU

References

Kaplan pg. 108-115

(6xo (nt - Sin nt) - y0) nSin nt - 2nx0 (4 - 3Cos nt)(1 - Cos nt)
(4Sin nt - 3nt)Sin nt + 4(1 - Cos nt )2

k0 -- nxo (4 - 3Cos nt) + 2(1 - Cos nt) YO
Sin nt

0
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REENTRY ( Vre,PhiRe,BCH, V,DecI,MaxDecl)
This procedure calculates various reentry paramters using the Allen & Eggars approximations.

Inputs :Vre - i Reentry Velocity m/s
Phike - Reentry Flight Path Angle rad

BC - Ballistic Coefficient kg/m 2

H - Altitude km

Outputs :V Velocity m/s

Decl Deceleration g's

MaxDecl Maximum deceleration gis

Locals :

References

P0 e-sclht h

-_, clh t Sn re

- ctht vre Sin Ore
gmax- 2ge

v max Vre e- '5 ; 0.61 Vre

Vimp vr e ep0/ 2 A aciht Sin Ore

2
V= e Po 0  / A sclht Sin ,]-V/gimp =  -g- e

h ILn P
-=1, BU.jacht Sin 0e

maxr
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Quartic Root Solutions
Ref : Escobal pg 430-433 Assume the general form of:

y = Ax4 + Bx3 + Cx2 + Dx + E
Rearrange as 0
y = x4 + B,x 3 + Cx2 + Dx + Ei

h B,
4

P =6h2 + 3B,h + C

Q = 4h 3 + 3 B ,h2 + 2C , h + D ,

IFQ=0.0, let Z = y? and solve the quadratic for Z (Z 2 + PZ + R 0)

xi = yi + h

R =h 4 + Bih3 + C h2 + Dth + E,

a = 1(3(P1_ 4R)_-4p2)

b ( 163 18P(p 2 - 4R) - 27Q2)

A2 P

A= a3 +b2

IF A > 0.0 THEN Use Cardan's Formula, be sure to evaluate negative cube roots with SGN function

; (+( - - +b -4)

Root.=-

3OOt:i = -Root2i

IF A = 0.0 THEN Make sure to evaluate the negative cube roots using SGN function

Z3 b-%

3 = b

IF A < 0.0 THEN Use Trigonometric identity

Eo= 2 r--a

Cog -- b 3 Sin 4= 1-Cos2q

Z, = Eo CoB _
3

z2 = Eo Cos + 120")

Z = E0 Cos (. + 240')3 3 36



Find Ri as the largest value of (Zi + s)

#,'P+ Ri + Q )

Salve the quadratics

y, + Z:;y +

y, + 41E;y +

The Roots are then

xi= yj + h
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TECHNICAL ROUTINES



)
UNIT AstroLibl

Module - ASTROLIB.PAS

This file contains fundamental Astrodynamic procedures and functions *
relating to the time functions.

(* ***************NOTICE OF GOVERNMENT ORIGIN********* )

(* This software has been developed by an employee of the United States *)
(* Government at the United States Air Force Academy, and is therefore
(* a work of the United States, and is NOT subject to copyright protection *)
(* under the provisions of 17 U.S.C. 105. ANY use of this work, or
(* inclusion in other works, must comply with the notice provisions of
(* 17 U.S.C. 403.

(* Current t 30 Jan 91 Capt Dave Vallado VERSION 3.0

(* Changes z 28 Jan 91 Capt Dave Vallado
Add algorithm section

20 Sep 90 Capt Dave Vallado
Update small in elorb/randv/angle etc
Change to Predict for rtasc and decl

20 Apr 90 Capt Dave Vallado VERSION 2.0
Version 2.0

16 Nov 89 Capt Dave Vallado
Integrated into one file

12 Feb 89 Capt Dave Vallado
Standardized format

* 28 Sep 88 Capt Dave Vallado *)
(* Added HWS and DMS to Rad conversions
* 30 Aug 88 Capt Dave Vallado *)

(C Version 1.0 C)
----- )ep

eC



)
INTERFACE

Uses Hath;

TYPE
Strll = STRING(ll];
StrlO = STRING(10];
Str3 = STRING(3];

VAR
Show : Char;
FileOut 3 TEXT;

C-------------Routines for Time calculations---------------

Procedure JulianDay ( Yr,Mon,D,H,M : Integer;
S : Extended;
VAR JD : Extended );

Procedure DayOfYr2MDHMS ( Yr i Integer;
Days s Extended;
VAR Mon,D,H,M ; Integer;
VAR S & Extended );

Procedure InvjulianDay ( JD : Extended;
VAR Yr,Mon,D,HM t Integer;
VAR S : Extended );

Procedure FindDays ( Year,Month,Day,Hr,Min : INTEGER;
Sac 3 Extended;
VAR Days s Extended )i

Function GSTime ( JD : Extended ): Extended;

Function GSTImO ( Yr t Integer ): Extended;

Procedure LSTime ( Lon,JD i Extended;
VAR LST,GST : Extended );

Procedure SunRiseSet JDate,Lat,Lon t Extended;
WhichKind : CHAR;
VAR UTSunRise, UTSunSet i Extended );

Procedure HHStoUT Hr,Min : Integer;

Sec : Extended;
VAR UT : Extended );

Procedure UTtoHMS UT 3 Extended;
VAR Hr,Min : Integer;
VAR Sec : Extended );

Procedure HMStoRad Hr,Iin : Integer;
Sec Extended;
VAR HMS : Extended );

Procedure RadtoHHS HMS t Extended;
VAR Hr,Min : Integer;
VAR Sec t Extended );

Procedure DMStoRad Deg,Hin : Integer,
Sec t Extended
VAR DNS s Extended );

Procedure RadtoDMS DMS Extended;
VAR Deg,Min Integer,
VAR Sec : Extended );
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-------- Routines for Technical 2-Body calculations----------I

Procedure Site (LatthltLst t Extended;
VAR RS,VS : Vector )

Procedure RVToPOS CRho,Az,El,DRho,DA,DE!. i Extended;
VAR Rhovec,DRhovec : Vector )

Procedure Track (Rho,Az,El,DRho,DAz,DRI,
Lat,Lst : Extended;
RS sVector,
VAR R,V a Vector )

Procedure Razel (R,V,RS : Vector;
Lat,Lst i Extended;
VAR Rho,Az,El,DRao,DAz,DElt Extended )I

Procedure Elorb (R,V Vector;
VAR P,A,Ecc,Inc,Omega,Argp,
Nu#HUILCapPi t Extended )

Procedure RandV (P#EInc,Omega,Axgp,Nu,
U,LCapPi : Extended;
VAR R,V i Vector )

Procedure Gibbs (Rl,R2,R3 : Vector;
VAR V2 : Vector;
VAR Theta i Extended,
VAR fit t Integer )

Procedure HerrGibbs Rl,R2,R3 a Vector;
JD1,JD2,JD3 a Extended,
VAR V2 t Vector;
VAR Theta : Extended;
VAR flt t Integer )

Procedure FindCandS (HO tMv Extended;
VAR CNev,SNew : Extended )

Procedure NewtonR (' :, Extended;
VAR 3O,Nu a Extended )

Procedure Kepler CRo#Vo I Vector;
Time s Extended;
VAR R,V t Vector )I

Procedure Gauss CRI,R2 a Vector;
DW a Char;

Time iExtended;
VAR Vl,V2 : Vector )I

Procedure IJKtoLatLon (R s Vector;
JD aExtended;
VAR GeoCnLat,Lon aExtended )

Procedure Sun J D a Extended;
VAR RSun a Vector;
VAR RtAsc,Decl : Extended )

Procedure Moon J D s Extended;
VAR R)4oon : Vector;
VAR RtAsc,Decl a Extended )

* Procedure PlanetRV (PlanetNus Integer;
JD aExtended;
VAR R,V t Vector )

Function Geocentric CLat s Extended )t Extended;

Function InvGeocentric (Lat a Extended )aExtended;

Procedure Sight (Rl,R2 a Vector;
VAR LOS a Str3 )

Procedure Light CR a Vector;
JD : Extended;
VAR LIT a Str3 )

Procedure OMS2 CLat,Lon,Alt,Phi,Az,Speed,JD aExtended;
VAR R,V aVECTOR )
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------------- Routines for ICBM calculations---------------I

Procedure RngAz (LLat,LLon,TLat,TLon,TOP : Extended;
VAR Range, As t Extended )

Procedure Path (LLat, LLon, Range, Az :Extended;
VAR TLat, TLon % Extended )I

Procedure Trajec (LLat,LLon,TLat#TLon,Rbo,Q : Extended;
TypePhi : Char;
VAR Range,Phi,TOFP,A2,ICPhi,

ICVbo,ICRbo t Extended;
VAR VN : Vector )I

--------- Routines for Orbit Transfer calculations----------)

Procedure Hohmann CRI,R3,el,e3,NulNu3 : Extended;
VAR Deltava,Deltavb,TOW : Extended )

Procedure OneTangent (Rl,R3,al,e3,Nul,Nu2,Nu3 : Extended;
VAR Deltava,Deltavb,TOP a Extended )

Procedure GeneralCoplanar (Rl,R3,el,e2,e3,Nul,Nu2a,Nu2b,Nu3 : Extended;
VAR D*ltava,Deltavb,TOF : Extended )

Procedure Rendezvous (Rcsl,Rcs2,Phasel a xtended,
NumReVs Integer;
VAR PhasaP,WaitTime aExtended )

Procedure Interplanetary CRl.R2,Rbo,Rimpact,Hul,Mut,Mu2 i Extended;
VAR Deltavl,Deltav2,Vbo,Vretro : Extended )I

Procedure Reentry (Vre,PhiRo,EC,h aExtended;
VAR V,Decl,NaxDocl aExtended )

Procedure HillsR RV aVectorl
Alt,t aExtended;
VAR RI,Vl Vector )

Procedure HillsV (R aVector;
Alt,t aExtended;
VAR V j Vector )I
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------ Routines for Technical Perturbed calculations--------I

---------- and Numerical integration techniques-------------I

Procedure Target ( RInt,VInt,RTgt,VTgt tVecto',
Dai : CHAR;
TOF : Extended;
VAR Vlt,V2t,DVl,DV2 : Vector )

Procedure Pxepler ( Ro,Vo : Vector;
DeltaT : Extended;
VAR R,') t Vector )

Procedure J2oragPert ( Inc,E,N,N~fot : Extended;
VAR OmogaDOT,ArgpDOT,EDO : Extended )

Procedure Predict ( JD,JDgpoch,no,Ndot,EoEdot,inco,
Omegao,OmegaDot ,Argpo,Argpflot,M4o,
Lat#Lon,Alt : Extended;
VAR Rho,Az,El,RtAsc,Decl : Extended;
VAR Vis : Strll )

Procedure Deny ( ITime : Extended;
X t Matrix;
VAR XDot : Matrix )I

Procedure PertAccel CR,V t Vector;
ITime t Extended;
WhichOne t Integer,
BC : Extended;
VAR APert : Vector )I

Procedure PDeriv (X : Matri);
ITIme a Extendedi
DeriVType s StrlO;
BC t Extended;
VAR XDot t Matrix 3

Procedure RK4 CITime t Extended;
DT : Extended;

N : Integer;
Deniv~ype & BtrlOi
BC t Extended;
VAR X : Matrix )

Procedure ATHOS (R t Vector;
VAR Rho : Extended );

Procedure CHEBY (ALT s Extended;
VAR PALT,RHOALT i Extended );

-----------Constants used In this Library ------------------

Rad 57.29577951308230 Degrees per radian
HalfPi 1.57079632679490
P1 3.14159265358979
TwoPi 6.28318530717959

OmegaEarth 0.0588335906868878 Angular rotation of Earth (Rad/TU)
RadPerDay 6.30038809866574 Rads Earth rotates In 1 Solar Day
TUMIn 13.44685108204 Minutes per Time Unit
TUDaySun 54.20765355 days per sun TU

EESqrd 0.00669437999013 Eccentricity of Earth's shape squared
Flat 0.003352810664747352 Flatenning of the Earth

GHS 332952.9364 Sun Gravitational Parameter DU3/TU2
GM 0.01229997 Moon Gravitational Parameter DU3/TU2
32 0.00108263
33 -0.(.3000254
34 -0.00000161
TUDay 0.00933809102919444 Days per Time Unit

---- --- ------ --- ---- --- --- --- --- --- ---- -- ------- --- ---

------------- ---- --- --- --- - -- - --- --- --- - -- - --- ---

IHPLEHENTATION

-- - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - -
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-- - - - - - - - - - - -- - - - - - - - - - - -- - - - - - - - - - - - --- -

PROCEDURE JULIANDAY

IThis procedure finds the Julian date given the Year, Month, Day, and Time.
IThe Julian date is defined by each elapsed day since noon, I Jan 4713 BC.
IJulian dates are measured from this epoch at noon so astronomers
Iobservations may be performed on a single "day*. The year range is
Ilimited since machine routines for 365 days a year and leap years are
Ivalid in this range only. This is due to the fact that leap years occur
Ionly in years divisible by 4 and centuries whose number is evenly
I civisible by 400. ( 1900 no, 2000 yes..

INOTE: This Algorithm is taken from the 1988 Almanac for Computers,
IPublished by the U.S. Naval Observatory. The algorithm is good for dates

* I between 1 Mar 1900 to 28 reb 2100 since the last two terms (from the
IAlmanac) are cormmented out.

IAlgorithm : Find the various terms of the expansion
Calculate the answer

IAuthor : Capt Dave Vallado USAFA/DPAS 719-472-4109 12 Aug 1988

iInputs
I Yr - Year 1900 .. 2100

N on - Month 1 . 12
I D - Day 1 .. 28,29,30,31
I H - Universal Time Hour 0 .. 23
I - Universal Tim Min 0 .. 59
I sec - Universal Time Sec 0.0 .. 59.999

Ioutputs
J D - Julian Date days from 4713 B.C.

ILocalsa
I Terml - Temporary Extended value
I Term2 - Temporary INTEGER value
I Term3 - Temporary INTEGRR value
I UT - Universal Time days

Iconstants
I None.

~Coupling:
None.

References I
I 1988 Almanac for Computers pg. B2
I Escobal pg. 17-19
I Kaplan pg. 32?-330

---- --- --- --- ---- --- --- --- --- ---- --- --- --- ---- --- --- --- ---

PROCEDURE JulianDay (Yr,Mon,D,H,H t Integer;
S : Ixtendedl
VAR JD : Extended )

VAR
Term2, Term3 t INTZGERI
Terml, UT t Extendedl

BEGIN
TERHI:= 367.0 * Yr;
TERM2:: TRUNC( (7' (Yr+TRUNC ( (Mon+9)/12) ))/4 )1
TERM3t= TRUNC( 275*Hon / 9 );
UT:: ( 01/60.0 + M4) / 60.0 + H) 24.01

JD:= (TERN1-TERi42+TERH3) + D + 1721013.5 + UT (+ '
END: ( Procedure Julianoay
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PROCEDURE DAYOFYR2MDHMS

This procedure converts the day of the year, days, to the month
day, hour, minute and second.

Algorithm t Set up array for the number of days per month
loop through a tamp value while the value is 4 the days
Perform integer conversions to the correct day and month
Convert remainder into H X 8 using type conversions

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 26 Feb 1990

Inputs
Yr -Year 1900 .. 2100
Days - Julian Day of the year 0.0 .. 366.0

OutPuts
Hn - Month 1.. 12
D - Day 1 .. 28,29,30,31
H - Hour 0.. 23
H - minute 0.. 59
Sec - Second 0.0 .. 59.999

Locals
Dayofyr - Day of year
Temp - Temporary Extended values
IntTemp - Tesporary Integer value
i - Index

Constants
LMonth(12] - Integer Array containing the number of days per month

Coupling
None.

References
None.

PROCEDURE DayOfYr2KDHMS ( Yr s Integer; 0
Days : Extended;
VAR Mon,D,H,M 3 Integer;
VAR S Extended )i

VAR
Tamp & Extended;
IntTemp, 1, DayOfYr i Integer;
LHonth : Array(l..12) of Integer;

BEGIN
-Set up array of days in month ---------------

FOR it= I to 12 DO
BEGIN

CASE i OF
1,3,5,7,8,10,12 1 LMonth[i):= 311
4,6,9,11 1 LMonthtil:= 30;
2 t LMonthlI):= 26;

END; ( Case}
END;

DayofYrs= TRUNC(Days );

----------------- Find month and Day of month ---------------
IF ( (Yr-1900) MOD 4 ) - 0 THEN

LMonth[21:u 191
it= 1;

IntTempa: 0;
WHILE ( DayOfYr > IntTemp + LMonth(iL ) and ( I < 12 ) DO

BEGIN
IntTempt= IntTemp + LMonth[i);
I:= +1;

END;
Hont= I;
D := DayOfYr - IntTemp;

( ------------- Find hours minutes and seconds -------------
Temps: (Days - Dayoflr )*24.01
H z= TRUNC( Temp );
Tempt= (Temp-H ) * 60.01
H z= TRUNC( Tamp );
S 1= (Temp-H ) '60,0;

END; { Procedure DayofYr2HDHMS
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PROCEDURE IWJJULIANDAY

This procedure finds the Year, month, day, hour, minute and second
Igiven the Julian date.

IAlgorithm t Set up starting values
Find the elapsed days through the year in a loop
Call routine to find each individual value

IAuthor ; Capt Dave Vallado USAPA/OFAS 719-472-4109 26 Feb 1990

IInputst
J D -Julian Date days from 4713 B.C.

Ioutputs
I Yr -Year 1900 .. 2100
I Mon -Month 1. 12
I D -Day 1 .. 28,29,30,31

*I H Hfour 0. 23
I M -Minute 0. 59
I Sec -Second 0.0 .. 59.999

ILocals
I days -Day of year plus fraction of a day days
I Tu -Julian Centuries from 1 Jan 1900
I Temp -Temporary real values
I LeapYra Number of Leap years from 1900

Iconstants
N one.

ICoupling
IDayofYr2MD Finds Month, day, hour, minute and second given Days and Yr

IReferences
I 1988 Almanac for Computers pg. B2
I Escobal pg. 17-19
I Kaplan pg. 329-330

---- ---------------------------------------------------------------------------- I

PROCEDURE INVJULIANDAY J D aExtendedi
VAR Yr,Mon,D,H,X Intogeri
VAR 8 aExtended )I

VAR
Days, Tu, Temp a Ext~ndedj
LeapYrs aInteger,

BEGIN
--------------------------Find Year and Days of the year --------------- I

Tempt= JD-2415019.51
Tu := Temp / 365.251
Yr t= 1900 + TRUNC( Tu )
LeapYrst= TRUNC( ( Yr-1900-1 )/4.0 )1
Days:= Temp - ((Yr-1900)*365.0 + LoapYrs )I

----------------------------- Check for case of beginning of a year------------I
IF Days < 1.0 THEN

BEGIN
Yrt= Yr - 1;
LeapYrss= TRUNC( ( Yr-1900-l !/4.0 )
Days:= Temp - ((Yr-1900)*365.O + LeapYrs )

END;

---------- ----------------- Find remaing data-------------------------I
DayOfYr2MDH4SC Yr,Days, Mon,D,H,M,S )i

EN03 { Procedure Inverse mod jd
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PROCEDURE FINDDAYS

This procedure finds the fractional days through a year given the year,
month, day, hour, minute and second.

Algorithm : Set up array for the number of days per month
Check for a leap year
Loop to find the elapsed days in the year

Author ; Capt Dave Vallado USAZA/DNAS 719-472-4109 11 Dec 1990

Inputs
Yr - Year 1900 2100
Mon - Month 1 12
D - Day 1 28,29,30,31
H - Hour 0 23
N - Minute 0 59
Sec - ee 0.0 59.999

Outputs
days - Day of year plus fraction of a day days

Locals s
i -Index

Constants
None.

Coupling
None.

References
None.

I----------------------------------------------------------------I
PROCEDURE FindDays ( Year,Month,Day,Hr,Mln : INTEGIEI

Sec : Extendedi
VAR Days s Extended )I

VAR
1 : BYTEg

LMonth ARRAY([..12] of INTEGER,
BEGIN

FOR I: = 1 to 12 DO
NEGIN

CASE I OF
1,3,5,7,8,10,12 : Lonth(iht= 311
4,6,9,11 : Lgonth[l]ix 301
2 : LMonth(i]:= 281

END; { Case )
ENDI

IF TRUNC( RealMOD( Year-1900,4 ) ) 0 THIN
Lmonth(2):= 29,

i := 11
Days:= 0.0;
WHILE (1 < Month) and ( I < 12 ) DO
BEGIN

Days:
= 

Days + Uonth[1,j
Ii 1I

ENDI
Days:= Days + Day + Hr/24.0 + in/1440.0 + Sec/86400.0p

END { Procedure FindDays }
(
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I FUNCTION GSTII4E.0 IThis function finds the Greenwich Sidereal time. Notice just the integer
Ipart of the Julian Date Is used for the Julian centuries calculation.

IAlgorithm : Perform expansion calculation to obtain the answer
I Check the answer for the correct quadrant and size

IAuthor sCapt Dave Vallado USAPA/DFPAS 719-472-4109 12 Feb 1989

IInputs
I JD -Julian Date days from 4713 B.C.

Ioutputs
I GSTIme Greenwich Sidereal Time 0 to 2Pi rad

ILocals
*I Temp -Temporary variable for reals rad

I Tu -Julian Centuries from 1 Jan 2000

IConstants
I TwoPI -

I RadPerDay -Rads Earth rotates in 1 Solar Day

ICoupling I
I RealMO0D Real MOD function

IReferences
I 1989 Astronomical Almanac pg. B6
I Escobal pg. 18 - 21
I Explanatory Supplement p~g. 73-75
I Kaplan pg. 330-332
I DM1 pg. 103-104

FUNCTION GSTIme J D t Extended )t Extended;
CON ST

TwoPI Extended a6.28318530717959;
VRRad~oroays Extended =6.30038098665741
Temp, Tu : Extended,

Tufl C fl(JD) +0.5 -2451545.0) 36525.0;

---------- ----------------------- Cekqarns---------------------Chc udat
Tempt= ReaIHOD( Tamp,TwoPI )I
IF Temp < 0.0 THEN

Tempt= Temp + TwoPi;

GSTime:: Temp;

END; ( Function GSTime



I FUNCTION GSTIMO

IThis function finds the Greenwich Sidereal time at the beginning of a year.
IThis formula is derived from the Astronomical Almanac and is good only for
I0 hr UT, 1 Jan of a year.

IAlgorithm : Find the Julian Date Ref 4713 BC
I perform expansion calculation to obtain the answer

Chock the answer for the correct quadrant and size

IAuthor t Capt Dave Vallado UShPA/DFAS 719-472-4109 12 Feb 1989

IInputs
I Yr -Year 1988, 1989, etc.

Ioutputs I
I GSTimO -Greenwich Sidereal Time 0 to 2Pi rad

ILocals
J D -Julian Date days from 4713 B.C.

I Tamp -Temporary variable for Reals rad
I Tu- Julian Centuries from 1 Jan 2000

Iconstants
I TwoPi Two times Pi

ICoupling t
I RealMOD Real MOD function

IReferences I
I 1989 Astronomical Almanac pg. B6
I Escobal pg. 18 - 21
I Explanatory Supplement pg. 73-75
I Kaplan pg. 330-332
I BHW pg. 103-104

----------------------------------------------------------- I

FUNCTION GSTIMO (Yr t Integer )s Extended;
CONST

VRTwoPi : Extended =6.283185307179591
JD, Tamp, Tu : Extended;

BEGIN
JD := 367.0 * Yr - ( TRUNC((7*(Yr4TRUNC(10/12)))/4) ) 4

(TRUNC(275/9) + 1721014.5;
Tu i= ( INT(JD) + 0.5 - 2451545.0 ) /36525.0;
Temps= 1.753368559 + 628.3319705*Tu + 6.77O708127N-06*Tu*Tv,

( ------- --- Check quadrants --------------------
Temp:= RealHOD( Toop,TwoPi )I
IF Temp c 0.0 THEN

Temps= Temp + TwoPi;

GSTimO:= Temp;

END, ( Function GBTimO
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PROCEDURE LSTINE

IThis procedure finds the Local Sidereal time at a given location.

IAlgorithm :Find GST through the routine
Find LST and check for size and quadrant

IAuthor : Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988

iInputs t
I Lon - Site longitude (WEST -)-2P1 to 2Pi rad

J D - Julian Date days from 4713 B.C.

LST - Local Sidereal Time 0.0 to 2Pi rad
I ST - Greenwich Sidereal Time 0.0 to 2Pi red

ILocals
I None.

Iconstants
I TwoPi Two times li

Icoupling
I RealMOD Real HOD function
I GSTIMe Finds the, Greenwich Sidereal Time

IReferences
I Escobal pg. 18 - 21
I Kaplan pg. 330-332
I BMW pgj. 99 -100

------------------------------------------------------------------------------------- )

PROCEDURE LSTime CLonJD t Extended;
VAR LST,GST : Extended )

CONST
TwoPi : Extended 6.28318530717959;

BEGIN
GST :=GSTime( JD )
LST tu Lon + GST;

( ------------------- Check quadrants----------------------I
LST := RealI4OD( LST,TwoPi )
IF LST < 0.0 THEN

LSTs= Lst + riwoPI;
END; ( Procedure Latime
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PROCEDURE SUNRISISCT

IThis procedure finds the Universal time for Sunrise and Sunset given the
I day and sit* location. Note the use of degrees and radians since the
I Almanac presents the algorithm In these units.

IAlgorithm t

IAuthor : Capt Dave Vallado USAPA/DFAS 719-472-4109 13 Jan 1991

IInputs
I JDate - Julian Date days from 4713 B.C.
I Lat - Site latitude (SOUTH -)-Pi/2 to P1/2 rad
I Lon - Site longitude (WEST -)-2Pi to 2P1 cad
I WhichKind - Character for which rise/set Ise Ice -No 'A'

Ioutputs
I UTSunRise - Universal time of sunrise at lat-lon hrs
I UTSunSet - Universal time of sunset at lat-lon hro

ILocals

Iconstants I
I Rad Radians per degree
I TwoPi
I pi

Icoupling
I InvelulianDay Finds the Yr Da Mn Hr MI So from the Julian Date
I indDay3 rinds the day. from 1 Jan of a year
I ArcSin Arc sine function
I Arccos Arc cosine function

IReferences
I Almanac For Computers 1990 pg. 35-36

-----------------------------------------------------------)
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PRHOCEDURE SUNRISESET (JDate,Lat,Lon : Extended;

VAR~id: HR
Z~tm,.,a~inela ~ VlARh sec~da se, UTuI xtended

'N' : Exene 10. /3Had1592Nautica91

Findays( Yehayr,narin c Dat Inegr

IS Sunrise-------------------------ris
IC ; Days + 96.0 - onRad /1 )/ 4 0 (days) so

LN Zt= 102.0Sin 3ad) 40 0SNau2.tic ad 8.64 dg
'A : Zea:=D 108.0 )a; Atooia

END; rcase ).14'a(/a)) a

IF (L > 8500) and 89 (Ha ogP)

Ra:= Ra + TP;
IF (L > 180.0) and (Ra < Pi) THEN

Ra:= Ha - Pii
SinDelta:= 0.39782*Sin( L/Had );i rad)
Delta:= ArcSin( SinDelta )i (rad
H:= ArCos( (Cos(z) - SinDolta*81n(Lat)) / Cos(Delta)*Cos(Lat) ) p(rad)
Ht= TwoPi - H;
tt= H*Rad/15.0 + RA*Rad/15.0 - 0.065710*t -6.6221

T:= Reall400( T, 24.0 );

UTSun~ise:= T - Lon*Rad/15.0; (hr.)
UTSunRisot= HealI400( UTSun~is., 24.0 )t
IF UTSunRise < 0.0 THEN

UTSunRisu:= 24.0 + UTSunRise;

------------ Sunset--------------------------)
t :~Days + (18.0 - Lon*Rad/15.0)/24.01 ( days
M4: 0.985600*t - 3.289; (Dog)
L t= H4 + 1.916*Sin( 14/Rad ) + 0.020*Sin( 2.0*34/Rad )+ 282.634; (dog)
L t= ReaiHOD( L,360.0 )I
Ra:= ArcTan( 0.91746*Tan(L/Rad) );I rad)
IF Ha < 0.0 THEN

Ra:z Ha + TwoPi,
IF (L > 180.0) and (Ra < PI) THEN

Ra:z Ha + P1;
IF (L < 180.0) and (Ha > PII) THEN

Rasz Ha - P1;
SinDeltat= 0.39782*Sin( b/Had )i rad
Deltat= ArcSin( SinDelta )I (rad)
H t= ArcCos( (Cos(z) - SinDolta*Sin(Lat)) /(Coo(Delta)*Cos(Lat) ) ;(rad)
t :=H*Rad/15.0 + RA*Had/15.0 - 0.065710*t -6.622;

UTSunSet:= T - Lon*Rad/15.0; (hr.)
UTSunSet:= HealMOD( UTSunSet, 24.0 )1
IF UTSun~et < 0.0 THEN

UTSunSet:= 24.0 + utSunSet;
END; IProcedure SunRiseSet)

_ _ A-9



PROCEDURE HMSTOUT

This procedure converts Hours, Minutes and Seconds into Universal Time.

Algorithm ; Calculate the answer

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

InPuts
Hr - Hours 0 .. 24 ex. 2
Min - Minutes 0 .. 59 Sx. 39
Sac - Seconds 0.0 .. 59.99 ex. 57.29

OutPuts
I UT - Universal Time HrMin.Sec ex.239.5729

Locals
None.

Constants
None.

Coupling
None.

-------------------------------------------------------------- I

PROCEDURE HMStoUT ( Hr,Min t Integer;
Sac : Extendedi
VAR UT t Extended )i

BEGIN
UT:= Hr*100.0 + Min + Sec/l00.0,

END; { Procedure HHStoUT )

----------------------------------------------------------------------------

PROCEDURE UTTOHMS

This procedure converts Universal Time into Hours, minutes and seconds.

Algorithm : Calculate the answer

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs t
UT - Universal Time HrMin.Sec ex.239.5729

OutPuts t
Hr - Hours 0 .. 24 ex. 2
Min - Minutes 0 .. 59 ex. 39
Sac - Seconds 0.0 .. 59.99 ex. 57.29

Locals
None.

Constants I
None.

Coupling

None.

-------------------------------------------------------------- I
PROCEDURE UTtoHHS ( UT t Extended;

VAR Hr,Min Integerl
VAR Sec E Extended )p

BEGIN
Hr ;= TRUNC( UT/100.0 )I
Mini:= TRUNC( UT-Hr*l00.0 )i
Sac:: FRAC( UT ) * 100.01

ENDi { Procedure UTtoHMS I
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PROCEDURE HMSTORAD

This procedure converts Hours, minutes and seconds into radians. Notice
the conversion 0.2617 is simply the radian equivalent of 15 degrees.

Algorithm : Calculate the answer

Author Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs
Hr - Hours 0.. 24 ex. 10
Min - Minutes 0.. 59 ex. 15
Sac - Seconds 0.0 .. 59.99 ex. 30.00

OutPuts
HMS - Result rad ex. 2.6856253

Locals
None.

Constants
None.

Coupling t

None.

---------------------------------------------------------------------------

PROCEDURE HMStoRad ( HrMin : Integer;
Sec s Extended;
VAR HMS : Extended )I

BEGIN
RlS:= ( Ur + Min/60.0 + Sec/3600.0 )*0.261799387;

END; ( Procedure HMStoRad I

PROCEDURE RADTOHMS

I This procedure converts radians into Hours, minutes and seconds. Notice
the conversion 0.2617 is simply the radian equivalent of 15 degrees.

Algorithm s Convert incoming radians to hours
Calculate the answer

Author a Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs
HMS - Result rad ex. 2.6856253

Outputs
Hr - Hours 0 .. 24 ex. 10
I in - Minutes 0 .. 59 ex. 15
Sec - Seconds 0.0 .. 59.99 ex. 30.00

Locals
None.

Constants
I None.

I Coupling

None.

---------------------------------------------------------------------------------------- I

PROCEDURE RadtoHWS (HMS : Extended;
VAR Hr,MIn : Integer,
VAR Sec t Extended );

BEGIN
HMS t= HHS / 0.261799387;
Hr := TRUNC( HHS );
Min:= TRUNC( (RI19 -Hr)*60.0 );
Sac:= (HHS -Hr-Hln/60.0 ) * 3600.0,

END; ( Procedure HadtoH4S 1
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PROCEDURE DMSTORAD

This procedure converts Degrees, minutes and seconds into radians.

Algorithm : Calculate the answer

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 25 Aug 1988

Inputs
Deg - Degrees 0 .. 360 ex. 98
Min - Minutes 0 .. 59 ex. 25
Sec - Seconds 0.0 .. 59.99 ex. 30.00

Outputs
DMS - Result rad ex. 1.717840

Locals
None.

Constants
Rad Degrees per Radian

Coupling
None.

-----------------------------------------------------------I

PROCEDURE DMStoRad ( Deg,Min s Integerl
Sec : Extended;
VAR DNS i Extended )g

CONST
Rad Extended = 57.29577951308230;

BEGIN

DNS;: ( Deg + Min/60.0 + Sec/3600.0 ) / Rad;

END; { Procedure DMStoRad )

------------------------------------------------------------------

PROCEDURE RADTODS

This procedure converts radians into Degrees, minutes and sjconds.

Algorithm : Calculate the answer

Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988

Inputs
DMS - Result rad ex. 1.717840

Outputs
Deg - Degrees 0 .. 360 ex. 98
Min - Minutes 0 .. 59 ex. 25
Sec - Seconds 0.0 .. 59.99 ex. 30.00

Locals
None.

Constants
Rad Degrees per Radian

Coupling
None.

-----------------------------------------------------------I

PROCEDURE RadtoDMS ( D14 : Extended;
VAR Deg,Min : Integer;
VAR Sec 2 Extended )I

CONST
Rad : Extended 57.29577951308230;

BEGIN
DNS:= DMS * Rad;
Dog%= TRUHC( DNS );
Min:= TRUJC( (DOS-Dg),60.0)p
Sac:= (DNS-Deg-Xin/60.0) * 3600.01

EmDi { Procedure RadtoDuS I
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PROCEDURE SITE

IThis procedure finds the position and velocity vectors for a site. The
Ianswer is returned in the Geocentric Equatorial (IJK) coordinate system.

IAlgorithm :Set up constants
I Find x and 2 Values

Find position vector directly
Call cross to find the velocity vector

IAuthor Capt Dave Vallado USAFA/OFAS 719-472-4109 12 Aug 1988

-i nputst
I Lat - Geodetic Latitude -Pi/2 to Pi/2 rad
I Alt - Altitude DU
I LST - Local Sidereal Time -2Pi to 2Pi rad

Ioutputs
I RS - IJK Site position vector DU
I VS - IJK Site velocity vector DU/TU

ILocalsI
I EarthRate - I3K Earth's rotation rate vector rad/TU
I SinLat - Variable containing sin( Lat ) rad
I Temp - Temporary Extended value
I X - x component of site vector DU
I z - z component of site vector DU

Iconstants
I EESqrd - Eccentricity of Earth's shape sqrd
I Omegazarth - Angular rotation of Earth (Rad/TJ)

ICoupling
H ag magnitude of a vector

I cross Cross product of two vectors

IReferences
I Escobal pg. 26 - 29 (includes Geocentric Lat formulation also)
I Kaplan pg. 334-336
I BHW pg. 94 -98

--- ------------------------------------------------------------------ --------- )

PROCEDURE Site (Lat,Alt,Lst t Extended;
VAR RS,VS t Vector )

CONST
EHSqrd iExtended = 0.006694379990131
Omega~arth : Extended = .058e335906868870i

VAR
SinLat, Temp, x, z t Extended;
EarthRate % Vectori

BEGIN
[ -- ---- --- ---- --- initialize values - - - - - - - - - -

SinLat := SIN( Lat )I
Earthrate(l):= 0.0;
Earthrate[2)i= 0.O1
EarthrateC3ht OmegaEarth,

( -------Find x and z components of site vector -----
Temp t= SQRT( 1.0 - ( EESqrd'SinLat*SinLat ))
x t= ( ( 1.0/Temp ) + Alt )*COS( Lat )I
z := ( ((1.0-EESqrd)/Temp) + Alt )*SInLat,

------------------------- - Find Site position vector --------
RS[11 :~X * COS( Lat )
RS(21 sx * SIN( Lat )
RS(3M z;
HAG( RS )i

--------------------------- Find Site velocity vector --------
CROSS( Rarthrate,RS,VS )

END; [ Procedure Site
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PROCNDURE RVToPOS

IThis procedure finds range, and velocity vectors for a satellite from a radar
Isite in the Topocentric Horiion (832) system.

IAlgorithm : Assign teap values to limit number of trig operations
Find 832 position vector and magnitude directly

I rind 832 velocity vector and magnitude directly

IAuthor : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 hug 1988

IInputs
I Rho - Satellite range from site DU
I AZ - Azimuth 0.0 to 2Pi rad
I El - Elevation -Pi/2 to Pi/2 rad
I DRho - Range Rate DlU /TU
F DA: - Azimuth Rate rad /TU
I DEl - Elevation rate rad /TU

IOut~uts
I RhoVec - SEZ Satellite range vector DU
I fRhoVec - S32 Satellite velocity vector DU /TU

ILocals
I SinEl - Variable for uin( El
I CosEl - Variable for coo( 31
I SinAz - Variable for sin( A%
I CosAz - Variable for Cos( As

Iconstants
I None.

ICoupling
I ag Magnitude of a vector

IReferences
I BMw pg. 84 -85

------------------------------------------------------------I

PROCEDURE RVToPOS (Rho,A2,El,DRho,DAB,DEl : Extendedl
VAR Rhovec,DRhovec : Vector )

VAR
SinEl, Cos~l, SinAz, CosAz : Extendedl

BEGIN
I --------------- Initialize values--------------------I

SinEI:= SIN(EI)j
CosEl:= COSC8l)j
SinAz:= SIN(Az)j
CosAzs= COS(Az)j

( -------------- Form 832 range vector -------------------I
RhoveciL) -Rho*Cos1*CosAxl
RhovecC21 Rho*CosZ)l*SinAx;
Rhovec(31 t= Rho*Sinal,
RAG( RhoVec );

({------------- Yorm 832 velocity vector -----------------I
DRhovec~lJ -Drhto*CosEI'CosAz + Rho*Sin~l*D~l*CosAz + Rho*CosE1*SinAz*Daz;
Dflhovec(2) Drho*Cosgl*Sinhz - Rho*$Inzl*Del*SinAz +1 Rho*Cos~l*CosAz*Daz,
Dhihovec(3] Drho*Sinsi + Rho*Del*CosEl;
HAG( DifhoVec )i

END; [ Procedure RVToPOS
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-- - - - -- - - - - -- - - -- - - -- - - - -- - - - - --- - - - - - -

PROCEDURE Track

IThis procedure finds range and velocity vectors in the Geocentric Equatorial
I (IJK) system given the following Input from a radar site.

Find SEZ vectors from RVToPOS

Author aCapt Dave Vallado USAPA/DIAS 719-472-4109 12 Aug 1988

Ag-rAthmuthFind to 2Pi red

El-Elevation -P1/2 to Pi/2 rad
D~o - Range Rate DU / TU
Dz- Azimuth Rate rad /TU
D1- Elevation rate rad /TU
Lt- Geodetic Latitude -P1/2 to P1/2 rad
LT- Local SideZxtended Time -2Pi to WP rad

RS - I3K Site position vector DU

Ioutput$
I R - IJK Satiollite position vector DU
I V - 13K Satellite velocity vector DU / TU

ILocals
I WCrossR - cross product result DUI / TU
I RhoVec - SEZ range vector from site DU
I DRhoVec - SEZ velocity vector from site DUI / TU
I TempVec - Temporary vector
I RhoV - I3K range vector from site DUI
I DRhoV - I3K velocity vector from site DU / TU
I EarthRate - I3K Earth's rotation rate vector rad / TU

IConstants
I HaIlPi -
I OmegaEarth - Angular rotation of Earth (Rad/TUj

ICoupling I
I RVToPOS Find R and V from site in Topocentric Horizon (SEZ) Sstem
I cross Cross product of two vectors
I Addvoc Add two vectors together
I Rot3 Rotation about the 3rd axis
I Rot2 Rotation about the 2nd axis

IReferences
I BW pg. 85-89, 100-101

---- --- --- --- ---- --- --- --- --- ---- --- --- --- ---- --- --- --- ---

PROCEDURE Track (Rho,Az,81,DRho,Dhz,DEl,
Lat,Lst : Ixtended;
RS i Vector,
VAR R,V t Vector )

CONS?
falfPI Extended =1.570796326794901
Omega~arth iExtended =0.058633590686"878:

VAR
WCrossR, RhoVec, DflhoVec, TempVec, RhoV, DRhoV# ZarthRate i Vectorl

BEGIN
( --------------- Initialize value--------------------

Earthrateoli= 0.01
Earthrate(21j: 0.01
Earthratbi3) a OmegaEarthl

------- Find SEZ range and velocity vectors-------------
RVToPOS( Rho,Az,E1,DRho,DAz,DEI,RioVec,DRhoVec )i

( --------- Perform SEZ to 13K transformation--------------
ROT2( RhoVoc ,Lat-HalfP1, TempVec )
ROT3( TempVec, -LST , RhoV )i
ROT2( DRhoVec,Lat-HalfPi, TempVec )
ROT3( TempVec, -LST , DRhoV );

( ---------Find I3K range and velocity vectors ------------
ADDVEC( RhcV,RS,R )I
CROSS ( Harthrate,R ,WCrosaR )
ADDVEC( DRhoV,WCrossR,V )i

ENDS ( Procedu:e Track
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PROCEDURE Razel

IThis procedure calculates Range Azimuth and Elevation and their rates given
Ithe Geocentric Equatorial (I31) Position and Velocity vectors. Notice the
Ivalue of small as it can affect rate term calculations. (See Example *4)

IAlgorithm t Find constant values
Loop to find range and velocity vectors
Rotate to find SRI vectors

I Use if statments to find Az and El Including special cases

IAuthor :Capt Dave '.lado USAFA/OFAS 719-472-4109 27 Mar 1990

Inputs2
I R - 1K Position Vector DU
I V - 1K Velocity Vector DU / TU
I Lat -Geodetic Latitude -Pi/2 to P1/2 rad
I LST -Local Sidereal Time -2Pi to PI rad
R S - 13 Site Position Vector DU

Ioutputs
I Rho - Satellite Range from site DUS
I AZ - Azimuth 0.0 to 2Pi rad
I El - Elevation -Pi/2 to Pi/2 rad
I DRho - Range Rate DUi TU
I DAz - Azimuth Rate rad /TU
I DEl - Elevation rate rad /TU

ILocals
I RhoV - 13K Range Vector f rom site DUi
I DRhoV - I3K Velocity Vector from site DU / TU
I RhoVec - S52 Range vector from siteA DU
I RhoVec - SI Velocity vector from site DUi
I wcrossR - Cross product result DUi / TU
I EarthRate - 13K Barth's rotation rate vector rad /TU
I TampVec - Temporary vector
I Temp - Temporary Extended value
I Tempi - Temporary Extended value

I - index

Iconstants I
I HalfPI -
I i P
I OmegaEarth - Mnyular rotation of Barth (Rad/TU)
I Small - Tolerance for roundoff errors

ICoupling
I ag Magnitude of a vector
I Cross Cross product of toto vectors
I Rot3 Rotation about the 3rd axis
I Rot2 Rotation about the 2nd axis
I Atan2 Arc tangenz function which also resloves quadrants
I Dot Dot product of two veztors

IReferences
I BMW pg. 84-89, 100-101

---------------------------------------------------------------- I



PROCEDURE Razel CR,V,RS : Vector;I
Lat,Lst t Extended;

CONSTVAR Rho,hz,El,DRho,DAz,Dtl s Extended )

HalfPi : Extended = .570796326794901
Pi : Extended =3.14159265358979;
OmegaEarth I Extended =0.0588335906868878;
Small aExtended =0.000001;

VAR
RhoV, DRboV, RhoVec, DRhoVec, WCrossR, EarthRate, TempVac : Vectorl
Temp, Tempi aExtendedi
i sInteger;

BEGIN
[ ----------------- Initialize values---------------------)
Earthratetl]:: 0.01
Earthrate[2]1= 0.0;
Earthrate[3] := OmegaEarthl

-F---- ind IJE range vector from site to satellite--------
CROSS( EarthRata,R,WCrossR )I
FOR 13=1 to 3 Do

BEGIN
RhoV~il:= R(i] RS1111
DRhoVili:: V[11 WCrossR(1I:

END;
XAG( RhoV )
Rhot= RhoV[4);

( ----------- Convert to SEZ for calculations----------------I
ROT3( RhoV , LST 0 TempVec )I
ROT2( TeaapVec,HaltPi-Lat, RhoVec )I
ROT3( DRhoV, LST , TempVec )i
ROT2( TempVec,HalfPI-Lat, DRhoVec )I

------- Calculate Azimuth and Elevation----------------
Tempi= SORT( RhoVec[l1*RhoVecjl] + RhoV~c[2]*RhoVec(21 )I
IF ABS( RhoVec[2) ) <Small THEN

IF Temp < Small THEN
BEGIN

Templi= SORT( DRhoVectlJ*DahoVec(l + DRhoVec[2]*DRhoVec( 2) )
Az:z ATAN2( DRhoVac(21/Templ , -DRhoVec(l)/Toupl )

END
0 ELSE

IF RhoVec~i) > 0.0 THEN
A2:= Pi

ELSE
A2:= 0.0

ELSE
Az:: ATAN2( RhoVec[2)/Temp , -RhoVectl/Temp )

IF ( Temp < Small ) THEN
Eli= HalfPi

ELSE
El:: ATAN2( RhoVec(31/Rho , Temp/Rho )I

----Calculate Range, Azimuth and Elevation rates ---
M~ot= DOT( RhoVac,DRhoVec )/Rhol
IF ABS( Tomp ) > Small THEN

DAzt: C DRhoVectll*RhoVecj2) - DRhoVec[2l*RhoVec~ll (Temp*Teap)
ELSE
OAzt: 0.0,

IF ABS( Temp ) > 0.000000001 THEN
D~lt= ( DRhoVec(31 - DRho*SIN( El ))/Temp

ELSE
DElt: 0.0;

END) ( Procedure Razel
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I
--

PROCEDURE Elorb

This procedure finds the classical orbital elements given the Geocentric
Equatorial Position and Velocity vectors. Special cases for equatorial
and circular orbits are also handled. IF elements are Infinite, they
are set to 999999.9. If elements are Undefined, they are set to 999999.1.
Be sure to check for these during outputll

Algorithm : Initlalze variables
If the Hbar magnitude exists, continue, otherwise exit and

assign undefined values
Find vectors and values
Determine the type of orbit with IF statements
Find angles depending on the orbit type

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

Inputs
R - IJK Position vector DU
V - IJK Velocity vector DU / TU

Outputs
P - Semi-latus rectum DU
A - semi-major axis DU
E - eccentricity
Inc - inclination 0.0 to Pi red
Omega - Longitude of Ascending Node 0.0 to 2Pi rad
Argp - Argument of Perigee 0.0 to 2Pi rad
Nu - True anomaly 0.0 to 2Pi rad
M - Mean anomaly 0.0 to 2Pi red
U - Argument of Latitude (CI) 0.0 to 2Pi red
L - True Longitude (CR) 0.0 to 2P1 red
CapPi - Longitude of Periapsis (33) 0.0 to 2Pi red

Locals
Hbar - Angular Momentum H Vector DU2 / TU
Ebar - Eccentricity 9 Vector
Nbar - Line of Nodes N Vector
cl - V**2 - u/R
RDotV - R Dot V
c3 - Hk unit vector
SHE - Spoefic Mechanical Energy DU2 / TU2
I - index
I - Eccentric Anomaly red
D - Parabolic Eccentric Anomaly rad
F - Hyperbolic Eccentric Anomaly red
Temp - Temporary variable
TypeOrbit - Type of orbit EE, El, CE, CI

Constants 3
HalfPi -

I P1
TwoPi -

Infinite - Flag for an infintite element
Undefined - Flag for an undefined element
Small - Tolerance for roundoff errors

Coupling
HAG Magnitude of a vector
CROSS Cross product of two vectors
DOT DOT product of two vectors
ArcCos Arc Cosine function
ArcCosh Inverse Hyperbolic cosine function
Sinh Hyperbolic Sine function
Sgn -1.0 or 1.0 depending on the sign
Angle Find the angle between two vectors

References
BMW pg. 58 - 71, 181-188
Escobal pg. 104-107
Kaplan pg. 29 - 37

--------------------------------------------------------------- I
(
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PROCEDURE Elorb (R,V : Vector;
VAR P,A,Ecc,lnc,Omega,Argp,
NU,14,U,L,CapPi : Extended )

CONST
HalfPi a Extended =1.570796326794901
Pi t Extended =3.141592653589791
TwoPi : Extended = 6.283185307179591
Small t Extended = 0.000001i
Infinite : Extended =999999.9;
Undefined: Extended =999999.1,

clRDotV, c3, SHE, Temp, ", D, E aExtended;

Integer;
TypeOrbit tString[2];

BEGIN
( ---------------- Initialize values ------------------ I
HAG( R )
HAG( V )

( ---------------- Find HN and Evectors-----------------)
CROSS( R,V,Hbar )I

IF H~ar[41 > Small THEN
BEGIN

Nbar~lls= -Hbar(2);
Nbar(2]i= Hbar[l];
Nbar[3):= 0.0;
NAG( Nbar )
cl t= V(41*V(4] - 1.0/R[411
RDotV:= DOT( R,V )I
FOR it= 1 to 3 Do

Ebarfils= cl*R(i3 - RDotV*V[i];
H4AG( Ebar 3;

----------- ---------------- Find a e and semi-latus rectum------------I
SHE:= ( V[4)*VC41/2.0 1 .0/R[43 3
IF AES( SHE > Smail THENI

A:= -1.0 /(2.0*SHR)
ELSE
A3= Infinite; Parabola

EccS: Ebar(4)i
P i= HBar(4)*HBar(4];

------------------------------------Find inclination ----------
c3:= HBar(3)/HBar(41,
IF ABS( ABS(c3) - 1.0 ) < Snall THEN

IF ABS(HBar(31) > 0.0 THIN
--------- Equatorial Orbits---------------I

cS:: SGNCHBar(31) * 1.0;
Incta ARCCOS( c3 )I

--------------------- Determine type of orbit for later use--------------

(--Elliptical, Parabolic, Hyperbolic Inclined ---
TypeOrbitt: 'Ell;

IF Ecc < Small THEN
--------------------------------Circular Equatorial----------------
IF ( Inc < Small ) or ( A135(Inc-Pi) < Snall ) THEN

TypeOrbits: 'CE'
ELSE

--------------------------------Circular Inclined-----------------
TypeOrbit3= ICII

ELSE
-Elliptical, Parabolic, Hyperbolic Equatorial -

IF ( Inc < Small ) or (ABS(Inc-Pl) < Small )THEN
TypeOrbit:: 'EE';
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----------- Find Longitude of Ascending Nods --------------

IF NBar[4] > Small THENBEGIN

Temps= Nbar(l] / NBar[4],IF ABS(Temp} > 1.0 THEN
Tempt= SGN(Temp) * 1.01

Omega:= ARCCOS( Temp )g
IF NBar[2] < 0.0 THEN

Omegas= TwoPi - Omgal
END
ELSE
Omega:= Undefined;

{ Find Argtment of perigee .----------------
IF TypeOrbit = 'EI1 THEN
BEGIN

ANGLE( Nbar,Ebar, Argp )I
IF ZBar[3] < 0.0 THIN

Argp$= TwoPi - Argpl
END
ELSE

Argp:= Undefinodi

(----------- Find TrUe Anomaly at Rpoch ----------------

IF TypeOrbit[l] = 1'3 THIN
BEGIN
ANGLE( Ebar,r, Nu )I
IF RDotV 4 0.0 THIN

Nu:- TWoPi - Nu;
END
ELSE
NuT= Undefineds

(----- Find Argument of Latitude - Circular Inclined-......--
IF TypeOrbit x 'Cl' THIN

BEGIN
ANGLE( N~ar,R, U )I
IF R[3) • 0.0 THEM

U:= TwoPi - U1

END
ELSE
U: Undefined;

- Find Longitude of Perigee - Elliptical Equatorial -.

IF ( EBar[4] > Small ) and ( TypeOrbit = 'El' ) THEN
BEGIN

Tempt= Ebar[l]/Kar[4] I
IF ABS(Temp) > 1.0 THEN

Tempt= SGN(Temp) * 1.0i
Cappi:= ARCCOS( Temp )
IF Ebar[2) < 0.0 THIN

CapPi:= TwoPi - CapPli
IF Inc > HalfPi THEN

CapPi:= TWoPI - CapPi;
END
ELSE

CapPi:= Und! ined;

------- Find True Longitude - Circular Equatorial ----------

IF ( R(4] > Small ) and ( TypeOrbi = 'CE' ) THEN
BEGIN

Temp:= R{II/R[41;
IF ABS(Temp) > 1.0 THEN

Tempt= SGN(Temp) * 1.0,
L:= ARCCOS( Tamp );

IF R[2) < 0.0 THEN
Lt= TwoPi - Ll

IF Inc > HaIfP THEN
Lt= TwoPi - Ll

ELSE
L:= Under |ned-
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---------- Find mean Anomaly for all orbits -------

-- - - -- - - -- - - -- Hyperbolic --- - - - - -- - - - -

IF (Ecc-l.0) > Small THEN
BEGIN
Fs= ArcCosH( (Eccl-Cos(Nu)) / (I.Oi.Icc*Cos(Nu)) )
N:= Ecc*SinhC F )-F:

END
ELSE

-------- --- Parabolic -------------------------
IF AES( Ecc-1.0 ) < Small THEN
BEGIN

D:= SORT( p ) le "Ian( Nu )I
M:= (1.0/6.0)*( 3 .0*p*D + D*D*0 )I

END
ELSE

--------------------- Elliptical-------------------------I
IF Ecc > Small THEN

BEGIN
Tamp:= 1.0 + acc*Cos(Nu);
IF ABS(Temp) < Small THEN

H:= 0.0
ELSE
BEGIN
clts ( SQRT(l.0-Ecc'Ecc)*Sin(Nu) )/Tamp;
c3:= ( Ecc+Cos(Nu) ) / Tempi
IF XES(cl) > 1.0 THEN

cl3= SGN(cl) It 1.0;
IF ABS(c3) > 1.0 THEN

c3:z SGN(c3) *1.0;
E:= ATan2( cl,c3 )
H:= 9 - gcc*Sin( 9 )1

END;
END
ELSE

----------------------- Circular-------------------------
IF TypeOrbit a 'CZ' THUN

Him L
ELSE

M3= U:

H:= RZALMOD( H,TwoPi )I
IF M < 0.0 THEN

H:= -+ TwoPi;

C) IF Show = 'Y' THEN
(1BEGIN

(1WriteLn( 'H = ':6,Hbar~lI:13:7,Hbar(2h:14s7,Hbar(33314:7,Hbar(4]s1437 )I
()WriteLn( IN ='t6,Nbar!11:13:7,NbarI2):14s7,Nbar[3]:l4s7,Nbar(41s14t7 )I
()WriteLn( 'H z ':6,Ibar(l):13:7,Ibar(23:14s7,Ebar(3]:14,,bar(4h1l4:7 )I
(I WriteLn( 'S!Ez't6,S14:l3s7,I DU12/TU2' )
{)WritaLn( 'TypeOrbit z I,TypeOrbits3 )I
C) END;

C) IF Show = 'S' THEN
(I BEGIN
0Writeln( Fileout,'H =':6,Hbar(l)a13:7,Hbar[2h1l4:7,Ilbar(31:14:7,Hbar[4):14:7
(1WritaLn( FilsOut,'N = 's6,Nbar(l121337,14bart21314g7,Nbar(3)tl4:7,Nbar(41:14:7
C)WritaLn( PileOut,'E =',6,Ebar~lJtl3:7,Ibar(21:14s7,KbarE3],l4,7,Ebar(41:14s7
C) WriteLn( File0ut,'SHE'3s6,S4E:1337,' DU2/TU2' )
(1WritaLn( FileOut,'Typeorbit =',TypeOrbit:3 )I
C) END;

END ( If Hbar(43 > 0 the orbit is possible
ELSE
BEGIN

P t= Undefined;
A z= Undefined;
Ecc zUndefined;
Inc :=Undefined;
omegai= Undefined;
Argjp t= Undefined;
Nu sUndefined;
H Undefined;
U s= Undefined;
1 t= Undefined;
CapPi := Undefined;

ENDi

END; ( Procedure Elorb
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PROCEDURE RandV

This procedure finds the position and velocity vectors in Geocentric
Equatorial (IJX) system given the classical orbit elements. NOTICE
P is used for calculations and that semi-major axis a, is not. This
convention allows parabolic orbits to be treated as well as the other
conic sections. Notice the special cases leave Argp, Omega and Nu equal
to zero, rather than setting them to some large number as a flag for
infinite or undefined. This allows the routine to process different types
of orbits with ONE transformation matrix since seros will leave the vectors
unchanged during that phase of the transformation.

Algorithm Select the type of orbit through IF statements
and assign Omega, Argp, and Nu
Although these values change, they are NOT passed back

Find the PQW position and veocity vectors
Rotate by 3-1-3 to IJK. Order is important

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

Inputs
P - Semi-latus rectum DU
E - eccentricity 0.0 to ...
Inc - inclination 0.0 to Pi rad
Omega - Longitude of Ascending Node 0.0 to 2Pi rad
Argp - Argument of Perigee 0.0 to 2Pi rad
Nu - True anomaly 0.0 to 2Pi rad
U - Argument of Latitude (CI) 0.0 to 2Pi rad
L - True Longitude (Cc) 0.0 to 2Pi rad
CapPi - Longitude of Perlapsis (13) 0.0 to 2Pi rad

Outputs
R - IJX Position vector DU
V - IJX Velocity vector DU / TU

Locais
Temp - Temporary Extended value
Rpqw - POW Position vector DU
Vpqw - POW Velocity vector DU / TU
TempVec - POW Velocity vector

Constants
PI
Small - Tolerance for roundoff errors

Coupling
HAG Magnitude of a vector
ROT3 Rotation about the 3rd axis
ROTA Rotation about the 1st axis

References
BMW pg. 71-73, 80-83
Escobal pg. 68-83

--------------------------------------------
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1
PROCEDURE Rai;dV ( P,E,Inc,Omega,Argp,Nu,

UL,CapPi t Extended;
VAR R,V : Vector );

CONST
Pi Extended = 3.14159265358979;
Small; Extended = 0.000001;

VAR
Temp t Extended;
Rpqw, Vpqw, TempVec t Vectorl

BEGIN
-

I Determine what type of orbit is involved and set up the
I set up angles for the special cases.
--- -------------------------------------------------------------

IF E < SMALL THEN
( ---------- Circular Equatorial ----------

IF ( Inc < Small ) or ( ABS(Inc - Pi) < Small ) THEN
BEGIN
Argp tz 0.0;
Omegat = 0.0;
Nu s= L;

END
ELSE

{ --------- Circular Inclined --------------
BEGIN

Argp:= 0.0;
Nu ;= U;

END
ELSE

{ --------- Elliptical Equatorial ----------
IF ( Inc < Small ) or ( ABS(Inc - Pi) < Small ) THEN
BEGIN

Argp := Cappi;
Omega:= 0.0;

END;

- Form PQW position and velocity vectors----------
Temp:= P / (1.0 + E*COS(NU));
Rpqwflls= Temp*COS(NU),
Rpqw[2)t= Temp*SIN(NU);
Rpqw[3]:= 0.01
Vpqw[ll= -SI(NIU) / SQRT(P);
Vpqw[2]: = (E + COS(NU)) / SQRT(P),
Vpqw(3]:= 0.0;
MAG( Rpqw );
MAG( Vpqw );

S-Perform transformation to IJK--------------
ROT3( Rpqw , -Argp , TempVec )g
ROTI( TempVec, -Inc , TempVec );
ROT3( TempVec, -Omega, R );

ROT3( Vpqw , -Argp , TempVec );
ROTl( TempVec, -Inc , TompVac );
ROT3( TempVec, -Omega, V );

END; [ Procedure RandV I
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PROCEDURE GIBBS

This procedure performs the Gibbs method of orbit determination. This
method determines the velocity at the middle point of the 3 given position
vectors. Several flags are passed back.

Flt= 0 ok
Fit = 1 not coplanar
Fit = 2 orbit impossible

The Gibbs method is best suited for coplanar, sequential position vectors
which are more than about 10 dog apart. Notice the angle is passed back
so the user may make a decision about the accuracy of the calculations as
vectors which are 120 deg apart may be accurate, while vectors 8 deg
apart would not. The method will calculate the resulting velocity using
the vectors IN THE ORDER GIVEN. IF the calculations are not possible,
V2 is set to 0.0. Notice a 1 deg tolerance is allowed for the coplanar
check. This is necessary to allow for noisy data in the estimation project.

Algorithm Initialixe values including the answer
Find if the vectors are coplanar, else set a flag
Check that the orbit is possible, else set a flag
Find the largest angle between the vectors
Calculate the answer

Author a Capt Dave Vallado USAFA/DFAS 719-472-4109 28 Mar 1990

Inputs a
Rl - IJK Position vector #1 DU
R2 - IJK Position vector #2 DU
R3 - IJK Position vector #3 DU

OutPuts
V2 - IJK Velocity Vector for R2 DU / TU
Theta - Angle between vectors rad
pit - Flag indicating success 0, 1, 2

Locals S
tover2

Sal) - Tolerance for roundoff errors
rlmr2 - Magnitude of rl - r2
r3mrl - Magnitude of r3 - rl
r2mr3 - Magnitude of r2 - r3
p - P Vector r2 x r3
q - 0 Vctor r3 x rl
w - W Vector rl x r2
d - D Vector p + q + w
n - N Vector (rl)p + (r2)q + (r3)w
s - S Vector (r2-r3)rl+(r3-rl)r2+(rl-r2)r3
b - B Vector d x r2
Thetal - Temporary angle between the vectors rad
PN - P Unit Vector
Rill - Rl Unit Vector
dn - D Unit Vector
nn - N Unit Vector
I - index

Constants I
None.

Coupling
HAG Magnitude of a vector
CROSS Cross product of two vectors
DOT Dot product of two vectors
ADD3VEC Add three vectors
LNCOM2 Multiply two vectors by two conatants
LNCOM3 Add three vectors each multiplied by a constant
NORM Creates a Unit Vector
ANGLE Angle between two vectors

References
B14W pg. 109-116
Escobal pg. 306-307

(
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PROCEDUR~E GIBBS (RI,R2oR3 : Vector;
VAR V2 t Vector;
VAR Theta t Extended;

VRVAR fit i Integer )

tover2, 1, Small, rlmr2, r3mrl, r2mr3, Thetal : Extended;
p, q, w. d, n, s, b, Pa, RlN,Dnjnn : Vector;
I : Integer;

BEGIN
( ----------------- Initialize values---------------------}
Small:= 0.000001; Theta:= 0.0; Fit 1= 0;
Hag( R1 ); H~ag( R2 )I Hag( R3 )I
FOR i:= I to 4 DO

V2(il:= 0.0;

-- - - - - - - - - - - - - - - - - - - - - - - - - - - - -

IDetermine If the vectors are coplanar. The DOT product of R1 and the
I normal vector of R2 and R3 will be 0 if all three vectors are coplanar.
I The vectors are normalized to accept very small and very large
I vectors. The magnitudes are left out of the DOT product equation

- I rln dot pa = rin pa Cos() s since each vector is normalized, so the
I magnitudes are 1.0. A 1 dog tolerance is allowed for estimation, and
I is Implemented by allowing the angle between Rin and Pa to range from
I 89.0 to 91.0 deg, or Cos(89.O) =0.017452406.
-------- ------------------------------------------- ---------------- }

CROSS( R2,R3,P )I
CROSS( R3,Rl,Q )i
CROSS( RlR2,W )
NORM( P,PN );
NORM( RlRlN )
IF ABS( DOT(RlN,PN) )> 0.017452406 THEN (Not coplanar

Flt:= 1
ELSE

BEGIN
ADD3VEC( PQW#D )
LNCOI43( Rl(4J,R2(4J,R3(43,P,Q,W,N )
NORM( N,NN )
NORM( D,DN )

---------------------------------------------------
IDetermine if the orbit is possible. Both D and N must be In

I the same direction, zjid non-zero.
------------------------------------------------------------------------ I

IF ( ABS(dC4))<Small )or ( ABS(n(4)).cSmall ) or

ELSE
BEGIN

Angle( Rl,R2, Theta )
Angle( R2,R3, Thetal )
IF Thetal > Theta THEN

Thetai= Thetali

--------------------------Perform Gibbs method to find V2---------------
Rlmr2t= R1C4)-R2(411
R3mri:= i13(4-R1[4j$
R2mr3:= R2(41-R3[43,
LNCOH3(Rlcar2,R3mrl,R2mr3,R3,R2,RI,S);
CROSS( d,r2,b )I
L :=1.0 /Sqrt(d(4)*n(4))l
Tover2:= L /R2[41;
LNCOH2(Tover2,L#BlSV2);

END;
END;

() IF Show ='Y') and ( Fit =0 ) THEN
(1 BEGIN
(} WriteLn( 'P vector = :16,P(1h:9:3,PIZI:9:3,P[3]:9&3 )
() WriteLn( IQ vector =s'16,01lJ:9t3,Q[2)t9:3,Q[3):9:3 )I
(1 WriteLn( 'W vector = :l6,Wljj:9z3,W(2jz9t3,W(3):9t3 )
(1 WriteLaC ID vector = 16,Dljj:9%3,D(2];g:3,D[3jt9s3 )
() WriteLn( IN vector = :I6,Njilhg;3,N[2):9g3.N[3j:9:3 )
(1 WriteLaC IS vector = :l6,S~l)i9:3,S[21s:3,S(3)t9s3 )
(1 WriteLn( 'B vector = It6,B~l1;9&3,B(21g9:3,B(3):g:3 )

(1 END;

END; {Procedure Gibbs
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PROCEDURE HERRGIBBS

This procedure implements the Herrick-Gibbs approximation for orbit
determination, and finds the middle velocity vector for the 3 given
position vectors. The method is good for fast calculations and small
angles, <= 10 dog. Notice the angle Is passed back since vectors which
are 12 deg apart may actually be accurate, while vectors which are 170 dog
apart would not. The observations MUST be sequential and taken on one
revolution. The Use of Julian Dates for input makes it much easier to
perform calculations where the sights occur around midnight. Several
flags are passed back:

Flt= 0 ok
Flt= 1 orbits not coplanar
Flt= 2 angles bewteen the vectors are larger than 10 dog

Notice a 1 deg tolerance is allowed for the coplanar check. This is
necessary to allow for noisy data in the estimation project.

Algorithm Initialize values including the answer
Find if the vectors are coplanar, else set a flag
Find the largest angle between the vectors
Calculate the Taylor series for the answer

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 28 Mar 1990

Inputs
RI - IJK Position vector #l DU
R2 - IJK Position vector #2 DU
R3 - IJK Position vector #3 DU
JD1 - Julian Date of lIt sighting days from 4713 B.C.
JD2 - Julian Date of 2nd sighting days from 4713 B.C.
JD3 - Julian Date of 3rd sighting days from 4713 B.C.

OutPuts a
V2 - IJK Velocity Vector for R2 DU / TU
Theta - Angle between vectors red
Flt - Flag indicating success 0, 1, 2

Locals
dt2l - time delta between rl and r2 TU
dt3l - time delta between r3 and rl TU
dt32 - time delta between r3 and r2 TU
p - P vector r2 x r3
P - P Unit Vector
RiN - Rl Unit Vector
Thetal - temporary Angle between vectors rad
TolAngle - Tolerance angle (10 dog) rad
Terml - First Term for HGibbs expansion
Term2 - Second Term for HGIbbs expansion
Term3 - Third Term for HGibbs expansion
I - Index

Constants
TUHin - Minutes in each Time Unit 13.44685108204

Coupling
HAG Magnitude of a vector
CROSS Cross product of two vectors
DOT Dot product of two vectors
ArcCos Arc Cosine function
NORM Creates a Unit Vector
LNCOM3 Cembination of three scalars and three vectors
ANGLE Angle between two vectors

References
Escobal pg. 254-256, 304-306

---------------------------------------------
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}
PROCEDURE HerrGibbs ( Rl,R2,R3 : Vectorl

JDI,JD2,JD3 : Ixtended;
VAR V2 : Vectorl
VAR Theta : Extended;

C VAR Fit : Integer )p
TUHin : Extended =13.44685108204

VAR
dt21, dr3l, dt32, Terml,Term2,Torm3,Thetal,TolAngles Extended;
p, Pn, Rln t Vector;
I : Integer;

BEGIN
{---------------- Initialize values-------------------
Fit := 0;
Theta:= 0.0;
Mag( Ri );
Mag( R2 )i
Hag( R3 )I
FOR I:= 1 to 4 DO

V2[i1= 0.0;
TolAngle:= 0.174532925;
DT21:= (JD2-JD1)*i440.0/TUin
DT31s= (JD3-JD1)*1440.0/TUNin; { differences in times I
DT32t= (JD3-JD2)*1440.0/TUMin;

----------------------------------------------------
Determine if the vectors are coplanar. The DOT product of Rl and the

normal vector of R2 and R3 will be 0 if all three vectors are coplanar.
The Vectors are normalized to accept very small and very large
vectors. The magnitudes are left out of the DOT product equation
rln dot pn = rln pn Cos() : since each vector is normalized, so the
magnitudes are 1.0. A 1 deg tolerance is allowed for estimation, and
is implemented by allowing the angle between Rln and Pn to range from
89.0 to 91.0 dog, or Cos(89.0) = 0.017452406.

------------------------------------------I
CROSS( R2,R3,P );
NORN( PPN );
NORM( Rl,RlN };
IF ABS( DOT(RlN,PN) ) > 0.017452406 THEN { Not coplanar I

Flt:= 1
ELSE
BEGIN

I Check the size of the angles between the three position vectors.
I Herrick Gibbs only gives "reasonable answers when the
I position vectors are reasonably close. 10 dog is only an estimate.
------------------------------------------------ I

Angle( Rl,R2, Theta )I
Angle( R2,R3, Thetal )I
IF Thetal > Theta THEN

Thetai: Thetali
IF Theta > TolAngle THM

Flt:= 2;

-Perform Herrick-Gibbs method to find V2 --------

Terml:= -dt32*( 1.0/(dt2l*dt3l) + 1.0/(12*rl[41*rlj4]*rl[4) )I
Term2:= (dt32-dt2l)*( 1.0/(dt2l*dt32) + l.0/(12*r2(4)*r2[4)*r2j41) )g
Term3:= dt21*( 1.0/(dt32*dt3l) + 1.0/(12*r3[41*r3[4]*r314]) )I
LNCOH3( Terml,Term2,Ter&3,Rl,R2,R3, V2 );

END; ( if not coplanar

END; ( Procedure HerrGibbs I
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PROCEDURE FINDCandS

This procedure calculates the C and S functions for use in the Universal
Variable calculations. NOTE equality is handled by the series expansion
terms to eliminate potential discontinuities. The series is only used for
negative values of Z since the truncation results in rather large errors
as Z gets larger than about 10.0.

Algorithm : If Z is greater than zero, use the exact formulae else
use the series form

Author Capt Dave Vallado USAFA/DFAS 719-472-4109 30 Jan 1991

Inputs
New - Z variable

Outputs
CNew - C function value
SNew - S function value

Locals
ZNewSqrd - New squared
ZNewFrth - ZNew to the fourth power
SqrtZ - Square root of ZNew

Constants
Hone.

Coupling
None.

References
BKW pg. 207-210 (Complete graph of S and C)
Kaplan pg. 304-305

----------------------------------------------------------- I

PROCEDURE FindCandS ( ZNew t Extended;
VAR CNew,SNew : Extended )

VAR
ZNewFrth,ZNewSqrd, SqrtZ : Extended0

BEGIN
IF ZNew > 0.0 THEN
BEGIN

SqrtZ SORT( Znew )i
CHew := (l.0-COS( SqrtZ )) / ZNew;
SNew := (SqrtZ-SIN( SqrtZ )) / ( SqrtZ*SqrtZ*SqrtZ )I

END
ELSE
BEGIN

ZNewSqrd = ZHew*ZHew,
ZNewFrth ZNewSqrd*ZNewSqrdi
CNew 2: 0.5 - ZNew/24.0 + ZNewSqrd/720.0 - (ZNewSqrd*ZNew)/40320.0

+ ZNewFrth/3628800.0 - ZNewFrth*ZNew/479001600.0;
SHew ;: 1.0/6.0 - ZNew/120.0 + ZNewSqrd/5040.0 - (ZNowSqrd*ZNew)/362880.0

+ ZNewFrth/39916800.0 - ZNewFrth*ZNew/6227020800.01
END;

END; ( Procedure FindCandS
(
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PROCEDURE NEWTOUR

IThis procedure performs the Newton Rhapson iteration to find the
I Eccentric Anomaly given the Mean anomaly. The True Anowitly is also
I calculated.

IAlgorithm aSetup the first guess
Loop while the answer has not converged
Write an error If the answer doesn't converge
Find the True Anomaly using ATA42 to resolve quadrants

IAuthor :Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988

IInputsI
a - Eccentricity 0.0 - 1.0
N - Mean Anomaly 0.0 - 2Pi rad

Ioutputs
I EO - Eccentric Anomaly 0.0 - 2Pi rad
I Nu - True Anomaly 0.0 - 2Pi rad

ILocalst
I El - Eccentric Anomaly, next value rad
I Siny - Sine of Nu
I Cosv - Cosine of Nu
I Ktr - Index

Iconstants
I None.

ICoupling t
I Atan2 Arc tangent function which also resloves quadrants

IReferences t
I BMW pg. 184-186, 220-222

--------------------------------------------------------------)

PROCEDURE NswtonR I' NM a xtendodl
VAR EO,Nu aExtended )I

VREl, Sinv, Cosv t nxtended)
Ktr i INTZERI

BEGIN
( --------------- Initialize values--------------------

EO NJM
Ktr 1: 1

------ Newton Iteration for Eccentric Anomaly -----------
El:= CO - ( ( EO - e*5IN(30)-ua ) /( 1.0 - o*COS(X0) ))
WHrILE ( ABS(El-E0) > 0.0000001 ) and CKtr <* 20 ) DO

BEGIN
ED:: Eli
El:: E0- EO - e'SIN(80)-a) 1.0 - *tCOS(20) ))
INC( iKtr )

ENDi

IF Ktr > 20 THEN
WriteLn( 'NewtonRhapson not converged In 20 Iterations' )i

------------- Find True Anomaly at Epoch-------------------I
Sinv: ( SORT( 1.O-e*o ) * SIN(E1) ) / ( 1.0-e4COS(Hl) )
Cosy:= COS(EI)-e ) / ( 1.0 - e'COS(3l) )
NUla ATAN2( Sinv,Cosv )

END; Procedure NewtonR



I PROCEDUR~E KEPLER

IThis procedure 3olves Keplers problem for orbit determination and returns a
I future Geocentric Equatorial (I3K) position and velocity vector. The
I solution procedure Uses Universal variables.

IAlgorithm :Initialize variables
Find size and shape parameters for all cases
Setup Initial guesses with IF statements
Luop while the time has not converged

I If too many iterations, print an error
otherwise calculate the answer

IAuthor 3 Capt Dave Vallado USArA/DFAS 719-472-4109 12 Aug 1988

IInputs
I Ro - 13K Position vector - Initial flU
I Vo - 13K Velocity vector - Initial DUI TU
I Time - Length of time to propagate TU

Ioutputs
I R - 73K Position vector DUI
I V - IJK Velocity vector DlU /TU

ILOCAls
I F - f expression
I G - g expression

M~ot - f dot expression
G~ot - g dot expression
X0ld - Old Universal Variable X
XOldSqrd - XOld squared

I XNew - New Universal Variable X
XNewSqrd - Kaew squared

I ZNew - Now value of z
I CNew - C(z) function
I SNew - 3(z) function
I DeltaT - change in t TU

TimeNew - New time TU
I RDotV - Result of Ro dot Vo
I A - Seui major axis flU
I Alpha - Roulprocol 1/a0I SHE - Specific Koch Energy 0U2 /TU2I Period - Time period for satellite TU
S - Variable for parabolic case
W - Variable for parabolic case

I Temp, - Temporary Extended value
I- IIndex

Iconstants I
I alfPI
I TwoPi
I small - Tolerance for roundoff errors
I Infinite - Flag for an Indefinite element

1Coupling I
H AG Nagnitude of a vector

I DOT Dot product of two vectors
I REALMOD REAL MOD function
I COT Cotangent function
I POWER Raise a number to some power
I SGN Sign of a number +1 or -1
I FiaidCands Find C and 8 functions
I Tan Tangent of a value

IReferences t
I Kaplan pg. 304-308 ( Includes first guess for x If parabolic)

I L~4Wpg. 191-199, 203-212

--------------------------------------------------------)



I
PROCEDURE Kepler ( Ro,Vo s Vectorl

Time s Extendedi
VAR R,V s Vector )I

CONS'
HalfPi s Extended = 1.570796326794901,
TwoPi s Extended = 6.283185307179591
Small s Extended = 0.000001i
Infinite s Extended = 999999.9,

VAR
F, G, FDot, GDot, DeltaT, XOld, XOldSqrd, XNew, XuewSqrd, ZNew,
CNew, SNew, TimsNew, RDotV, A, Alpha, SE, Period, 8, W, Temp a Extended,
i t Integeri

BEGIN
S-Initialize value--------
TimeNew z= -10.0;
FOR i= 1 to 4 DO

V[i)l= 0.0;
HAG( Ro )I
NAG( Vo );
RDotVa= r)OT( Ro,Vo );

{------------ Find SR, Alpha, and A ---------------------
SMEa= ( Vo(4]*Vo[41/2.0 ) - ( 1.0/Ro[4] );
Alphais -SME*2.01

IF ABS( SHE ) > Small THEN ( circle, ellipsee, hyperbola }
A:= -1.0 / ( 2.0*S)X)

ELSE
At= Infinite;

IF ASS( Alpha ) < Small THEN ( Parabola I
Alphat 0.0;

------------- Setup initial guess for x -----------------
( - Circle and Ellipse ---------

IF Alpha >= Small THEN
BEGIN

Perioda= TwoPI * SORT( POWER( ABS(A),3.0 } )'
IF ABS( Time ) > ABS( Period ) THIN

Times= RealMOD( Time,Period );
IF ABS(Alpha-1.0) > Small THEN

XOld := Time * Alpha
ELSE
{ - lat guess can't be too close. ie a circle, r~a -

XOldi= Time*Alpha*0.97i
END
ELSE

( -------------- Parabola ------------
IF ASS( Alpha ) < Small THIN
BEGIN
Sz 0.5 * (HalfPi - ARCTAN( 3.0*SQRT( 1.0/POWU(Ro(41,3.0) )* Time ) );
Wa: ARCTAN( POWER( TAN( S ) ,1.0/3.0 ) );
XOld a= SQRT(Ro[4])*( 2.0*COT(2.0*W) );
Alpha:= 0.01

END
ELSE

S-------------Hyperbola ----------------
BEGIN

Tempt= -2.0*Time /
( A*( RDotV + SGN(Tima)*SQR'(-A)*(I.0-Ro(4)/a) ) );

XOldt= SGN( Time ) * SORT( -A ) * Ln( Temp );
END;



WHILE ( ABS( TimeNeW-TiSe ) > 0.000001 ) and ( I -(= 15 ) DO
BEGIN

XOldSqrd t= XOld*XOld,

2Mev sx XOldSqrd * Alpha;
----------- rind C and S ftion------- ------
FindCandSC ZNev, C~ev,SNew )i

--------- Use a Newton iteration for new values------------I
TimeNew XOldSqrd*XOld*SNev + RDotV*XoldSqrd*CNev +

Ro[41*XOld*( 1.0 - ZN"eie )I
DeltaT 2: IldSqtd*CNev + RDotV*XOld*( 1.0 - ZNev*SNev ) +

R0E41'( 1.0 - ZNew'CUev );

------------- Calculate new value for x---------------
XMev := XOld + ( Time-TimeNew ) / DeltaTj

-------- ------------------------------------
ICheck If the orbit is an ellipse and xnew > 2pi SQRT(a), the step

51 sieMust be changed. This is accomplished by multiplying DeltaT
I by 10.0. NOTE It 10.0 is arbitrary, but seems to produce good
I results. The Idea is to keep XMev from increasing too rapidily.
------------------------------------------------ )

IF ( A > 0.0 ) and (AiI(XNev)>TvoPI*8QT(A) ) and ( SHE < 0.0 ) THEN
XNev is X014 + (TIMe-TIMeNeW /( Deltp.T*10.0 )I

(I IF Show = Y THEN
(1Writeln( i32,XOldjl0:5,I 1,Tim*MeValOI5,1 I,OetaT:l0a5,I ',

(I XNewtl0:5,SNev,3.0:5,C~ew:10s5,snewzlOs5 )I
(I IF Show ='I' THUN

{I Writeln( FileOut,i32,XOld:10z5,I 1,Tim*NevslO:5,1 '#Delt&T:10:5,'
(I XNevtl0:5,SNev:10:5,CNev:10z5,unev:10:5 )I

Inc( I )
XOld s= XNewl

END; ( While finding Universal Variables

IF I >= 15 THEN
WriteLn( I Not converged in 15 Iterations

ELSE
BEG IN

( -- Calculate position and velocity vectors at now time ---- 0
XNewSqrd :XNew*XMew;
F :=1.0 -CXNewSqrd*CNev / Ro[4I )I
G t= Time - New~qrdX~ew'SNev;
FOR I:= I to 3 DO

K~ID= F*Rotil + G*Vo[Ili
KAG( R )I
GDot s= 1.0 -CXNevSqrd*CNev R14) )I
M~ot t= ( XMev ( Ro[4)*R(4] ) *(ZNew'5Uev 1.0 )
FOR is= I. to 3 DO

Vti): FDot*Ro~iJ + GDot*Voi)t
KAG( V )I

END;
MND; ( Procedure KeplerI



-- - - - - - - - - - - - -- - - - - - - - - - - - - - - --- - - - - - -

PROCEDURE GAUSS

This procedure solves the Gauss problem of orbit determination and returns
the velocity vectors at each of two given position vectors. The solution
uses Universal Variables for calculation and a bissoction technique for
updating Z. This method is slower than the Sewton iteration discussed in
BMW, but it does NOT suffer problems with negative z values, and is valid
for ellipses LESS THAN one revolution, parabolas, and Hyperbolas. Also
note the selection of small since the algorithm is very sensitive to
changes in this variable. A value of 0.001 will converge in say 10
Iterations instead of 25 iterations for a value of 0.000001, and the
accuracy will differ in the 3rd-4th decimal place. I chose to keep the
higher accuracy for cases like example 13, RM pg. 274, #5.10.
( Refer to graph on BMW pg. 235 for ranges of z.

Algorithm t Initialize variables and setup initial guesses
Loop while the time has not converged
If too many iterations, print an error

otherwise calculate the answer

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs
Rl - IJK Position vector I DU
R2 - IJK Position vector 2 DU
DM - direction of motion
Time - Time between RI and R2 TU

OutPuts t
Vi - IJK Velocity vector DU / TU
V2 - IJK Velocity vector DU / TU

Locals
VarA - Variable of the iteration, NOT the semi major axil
Y
Upper - Upper bound for Z
Lower - Lower bound for Z
CosDeltaNu - Cosine of true anomaly change rad

I F - f expression
G - g expression
GDot - g dot expression
XOld - Old Universal Variable X
XOldCubed - XOld cubed
ZOld - New value of a
ZNew - New value of z
CHew - C(a) function
SNOw - S(2) function
TlmeNew - New time TU
Small - Tolerance for roundoff errors
I - index
j - index

Constants
TwoPi
Small - Tolerance for roundoff errors

Coupling
HAG magnitude of a vector
DOT Dot product of two vectors
FindCandS Find C and S functions

References I
BMW pg. 228-241 (Uses a Newton iteration)

------------ ------------------------- -------- ----- ---------- --- ---- -- ---- --- I



PROCEDURE GAUSS (Rl,R2 t Vectorl
DH : Charl
Time t Extendedi
VAR VI,V2 :Vector )I

CONST0
TwoPi s Extended = 6.28318530717959;
Small s Extended = 0.000001i

VAR
VarA, Y, Upper, Lower, CooDeltaNus, JP G, CDot, X0ld, XOldCubed,
ZOld, ENew, CNew, SHeW, TimeNew : Xxtemdedl
i, 3 : Integeti

I --------------- InitialI2e value------------------- I
TimeNew:: -10.01
I4AG(Rl);
KAG(R2)1
FOR Is= 1 to 4 DO

BEGIN
Vlt ii:: 0.01
V2(i1:= 0.Op

END;
CosoltaNu;= DOT(Rl,R2)/(Rl(41*R2(41),
IF Dm =I' THIN

VarA s~-SQRT( Rl[41*R2j4]*(l.0+CosD~ltauu))
ELSE
VarA s~SORT( Rl[4]*R2[1]*Cl.0+CosDeltawu) )

-------------- Form initial guesses. ------------------- }
ZOld t= 0.01
C~ew t= 0.51
SNeW := 1.0/6.01
Upper:= TwoPi*TwoPi; ( Bounds for Z Iteration}
Lowers= -2.0*TWOPIp

----- Determine if the orbit in possible at all --- --- I
IF AflS( VarA ) > Small THN
BEG IN

--------------------------------------------
IPerform Gaussian Iteration using Universal Variables. Notice
Ithe iteration Is performed using a bissection technique instead of
Ia Newton Itertion. Although the Newton iteration Is quicker, the
I blasection will not fail with large negative Z values. The upper0

and lower bounds are adjusted as required to keep y from becoming
I negative.
-------------------------------------



is= O;
WHILE ( ABS( TimeNew-Time ) > Small ) and ( I <=30 ) DO

[BEGIN
Y:= R1141 + R2141 - (VarA*(I.0-ZOld*SNew)/SQRT(CNew) )I

A check is needed for special cases where VarA is greater than 0.0.
It's possible that Z can become very negative, and cause the square
root in the XOld calculation to blow up. This section loops and
adjusts the upper and lower bounds until the ZNew value will
result in a + y value. The solution is to slowly update the lower
bound of Z until y is +. The 0.8' for ZNOw is simply a means to let
Z change a little slower. The ZNew equation is found by solving the
y equation for z when y - 0.

----------------------------------- ---------------------- -

IF ( VarA > 0.0 ) and ( Y < 0.0 ) THN
BEGIN

j:= 1;
WHILE ( Y < 0.0 ) and < •10 ) DO
BEGIN

ZNewt= 0.8*(l.0/SNew)*( 1.0,- (Rl[4]*R2[4])*SQRT(CNew)/VarA );

---------------- Find C and S functions -----------------
FindCandS( ZNew, CNew,SNew )p
ZOldt= ZMewl
Lower:= ZOld
Y:= R[43 + R2[41 - (VarA*(1.0-ZOld*SNew)/SQRT(CNew) );
INC( j )I

END;
IF j >= 10 TM31

WriteLn( 'The Iterations failed for Yn in GAUSS' );
END1

XOld t= SORT( Y/CNew )i
XOldCubeds = XOld*XOld*XOldl
TimeNew := XOldCub *dSNew + VarA*S0RT(Y);

---------------- Readjust upper and lower bounds ----
IF TimeNew < Tie THEN

Lower:= ZOldl
IF TimeNew > Time THIN

Upper:= ZOldl

ZNew:= ( Upper+Lower ) / 2.0,

() IF Show = 'Y' THEN
{) Writeln( i :2,ZOld:10a5,Y:10a5,XOldal0s5,TimeNew:10:5,VarA:7:3,uppers9:5,lower
(I IF Show a IS' THEN
() Writeln( FileOut,it2,ZOldtl0:5,Y:i0:5,XOld:I015,TimeNaw:l0:5,VarA:7:3,upper:9

C-----------------Find C and S functions
FindCandS( ZNew, CNew,SMow )I
ZOld e ZNBw)
Inc( I

------- Hake sure the first guess isn't too close---------
IF ( ABS( TimeNew - Tie ) < Small ) and ( i I ) THN

TimeNew:s -10.0
END; C While loop

IF I >= 30 THEN
Write( 'Gauss not converged in 30 iterations

ELSE
BEGIN

Use F and G series to find Velocity Vectors--------
F 1= 1.0 - ( Y / R1IM] )i
0 := VarA*SQRT( Y );
GDot := 1.0 - Y/R2(43;
FOR I:; 1 to 3 DO

BEGIN
Vl[i3:= ( R2(i] - F*Rl(i] )/G;
V2[1]:s ( GDot*R2(i] - R1(1) )/G1

HAG( Vl )j
HAG( V2 )i

ENDs ( If the answer has converged I
END ( ir var A - 0.0
ELSE
WrIteLn( ' Gauss problem cannot be solved

&DM ( Procedure Gauss



PROCEDUR IJKtoLATLON

This procedure converts a Geocentric Squatorial (IJK) position vector into
latitude and longitude. Geodetic and Geocentric latitude are found.

Algorithm Initialize variables
Find the longitude being careful to reslove the angle
Setup iteration for latitude
Loop while the deltas are not equal
Write an error message if the values do not converge

Author z Capt Dave Vallado USAFA/DFAS 719-472-4109 18 Sep 1990

Inputs a
R - IJK position vector DU
JD - Julian Date days from 4713 B.C.

OutPuts
GeoCnLat - Geocentric Litituae -Pi to Pi rad
iLon - Longitude (WROT -) -2Pi to 2Pi rad

Locals t
Rc - Range of site w.r.t. earth center DU
Height - Height above earth w.r.t. site DU
Alpha - Angle froa I axis to point, LST rad
OldDelta - Previous value of DeltaLat rad
DeltaLat - Dff between Delta and Geocentric lat rad
GeoDtLat - Geodetic Latitude rad
TwoFMinusF2 - 2*F - F squared
OneMinuxF2 - ( 1 - r ) squared
Delta - Declination angle of R in IJK system rad
RSqrd - Magnitude of r squared DU2
SinTemp - Sine of Teap rad
Tamp - Dff between Geocentric/Geodetic lat rad
GST - Greenwich Sidereal time rad
I - index

Constants
P1
TwoPi
Flat - Flatenning of the larth
Small - Tolerance

Coupling
HAG Magnitude of a vector
Atan2 Arc Tangent which also resolves quadrant
Power Raises a value to some power
ArcSin Arc Sine of a value
GSTIme Greenwich 31dereal Time
RealMOD Xxtended MOD function

References
Escobal pg. 398-399

---------------------------------------------------------- I(



F}

PROCEDURE IJKtoLatLon ( R : Vectorl
JD : Extended;
VAR GeoCnLat,Lon & Extended )j

CONST
Pi t Extended = 3.14159265358979;
TwoPi a Extended = 6.28318530717959;
Small t Extended = 0.00000l
Flat s Extended = 0.0033528106647473521

VAR
Re, Height, Alpha, OldDelta, DeltaLat, GooDtLat, TworMinusF2, RSqrd,
Onel4inusF2, Delta, SinTomp, Tamp, GST : Extesed;
i : Integer;

BEGIN
---------------- Initialize values ----------------

HAG( R );
TwoyMinusf2:X 2.0*Flat - Flat*Flat,
OneMinus?2 t= POWER( 1.0-Flat,2.0 )I

------------- Find Longitude Value--- -----------
Temp := SORT( R[l]*Rl] + R[2]*R[2] )y
Alpha:= ATan2( R[2) / Temp , Rill / Temp )7
GST i= GSTIME( JD );
Lon t= Alpha - GST;
IF ABS(Lon) >= P1 THEN

IF Lon < 0.0 THEN
Lori= TwoPi + Lon

ELSE
Lons

= 
Lon - TwoPip

--------------- .Set up initial latitude value -------------- )
Delta : ArcTan( R[3) / Temp )I
IF ABS( Delta ) > Pi THIN

Deltas= RealMOD( Delta,Pi )1
GeoCnLatt= DeltasOldDoltas = 1.0;
DeltaLat:= 10.0;
RSqrd := R[4]*R(4],

- Iterate to find Geocentric and Geodetic Latitude ----- )
WHILE ( ABS( OldDelta - DeltaLat ) > 0.00001 ) and ( I < 10 ) DO

BEGIN
OldDeltat= DeltaLat;
Rc 1= SORT( ( 1.0-TwoNIinuaF2 ) /

1.0-Two°FinuaF2*COS(GeoCnLat)*COS(GeoCnLat) ) )I
GeoDtLat := ArcTan( TAN(GeoCnLat) / OneMinusl2 )I
Tamp s= GeoDtLat-GeoCnLatt
SinTemp a= SIN( Temp )I
Height : SORT( RSqrd - Rc*Rc*SinTemp*SinTeap ) - Rc*COS(Temp)l
DeltaLat := ARCSIN( Height*SinTemp / R[4) )I
GooCnLat := Delta - DeltaLati
INC( I

END; ( While

IF I >= 10 THEN
WriteLn( 'IJKtoLa' * n did NOT converge '

ENDI ( Procedure IJxtoL.jLon )

o(



PROCEDUR SUN~

This procedure calculates the Geocentric Equatorial position vector for0
Ithe Sun given the Julian Date. This is the 1o,4 precision formula and
Iis valid for years from 1950 to 2050. Accuaracy of apparent coordinates
Iis 0.01 degrees. Notice many of the calculations are performed in
Idegrees, and are not changed until later. This Is due to the fact that
I the Almanac uses degrees exclusively in their formulations.

IAlgorithm : Calculate the several values needed to find the vector
Be careful of quadrant checks

IAuthor t Capt Dave Vallado USAFA/DIAS 719-472-4109 25 Aug 1988

I Inputss
I D - Julian Date days from 4713 B.C.

Ioutputs
I Rsun - 13IK Position Vector of the Sun AU
I RtAsc - Right Ascension rad
I Decl - Declination rad

ILocals
I MeanLong - Mean Longitude
I MeanAnomaly - mean anomaly
I N - Number of days from 1 Jan 2000
I clpLong - Ecliptic longitude
I Obliquity - mean Obliquity of the Ecliptic

Iconstants
I Pi
I TwoPi -

I Rad -Degrees per radian

ICoupling
I RealIMOD Extended MOD function
I Arcsin Arc Sine function

IReferences
1987 Astronomical Almanac Pg. C24

-- - - - -- - - - --{- - -- - - -- - - - - - -- - - - - - -- - - -



PROCEDURE Sun J D t Extended;
VAR Run :Vector;

VAR RtAsc,DeCl : Extended )
CONST

P1 s Extended = 3.14159265358979;
TwoPi: Extended = 6.28318530717959;
Rad :Extended =57.29577951308230;

VAR
MeanLong, MeanAnomaly, EcipLong, Obliquity, N :Extended;

BEGIN
--------------------------------- Initialize values--------------------I

N:= ( JD - 2451545.0 )

MeanLongs= 280.460 + 0.9856474*1N1
MeanLongs= RealMOD( NeanLopg,360.0 )I {dog)

MeanAnoialys= 357.528 + 0.9856003*N;
Meannomaly:= RealMOD( Keanknommly/Rad,TwoPi )I (rad)
IF MeanAnomaly < 0.0 T!HEN

?eanknomalys: TwoPi + Reanknomalyi

[ clpLong:= MeanLong + 1.915*5 in(Meanknomaly) + 0.020*sin(2.0*NeanAnomaly),(deg}
Obliquitys= 23.439 - 0.0000004*M, (dog)

MeanLong := MeanLong/Rad;
IF MeanLong < 0.0 THEN

IeanLong,= TwoPi + MeanLongi[ EclpLong t= EclpLong / adl
Obliquitys= Obliquity /Radg
RtAsct= ARCTAN( Cos(ObliquIty)*Tan(2clpLong) )I

---Check that RtAsc Is in the same quadrant as 3clpLong -

IF EcipLong < 0.0 THEN
EclpLongs= EcIpLong + TwoPi; (make sure it's in 0 to 2pi range

IF ABS( ZclpLong-RtAsc ) > PL/2.0 THEN
RtAsc:= RtAsc + 0.5*Pi*ROUND( (RclpLong-RtAbc)/(0.5*Pi) )I

Dol s= ARCSIN( SinCObliquIty)*Sin(KclpLong) )

-----------------------Find magnitude of SUN vector, then components-------
RSun[43:: 1.00014 - 0.01671*Cos( MeanAnosaly

- 0.00014*Cos( 2.O*meanAnomaly )i (in AU's
RSunlllb: RBunI41*Cos( SIpLong )I
RSun[23:= R~un(4)*Cos(Obliquity)*Sin(EclpLongj)I
RSun(3]:= RSun[41*Sin(Obliquity)'Sin(DclpLong)I

END; I Procedure SunI



PROCIDU NOON

IThis procedure calculates the Geocentric Equatorial (IJK) position vector
Ifor the moon given the Julian Date. This Is the low precision formsula and
I is valid for years between 1950 and 2050. Notice many of the calculations
I are performed in degrees. This coincies with the development in the
I Almanac. A few equations were split In two to prevent software problems
I with numeric coprocessors. The errors seemed to be a stack overflow problem
I since the equation is so long. The program results are as follows:

Eclpitic Longitude 0.3 degrees
Eclpitic Latitude 0.2 degrees
Horia Parallax 0.003 degrees
Distance from Earth 0.2 D~s

IRight Ascension 0.3 degrees
Declination 0.2 degrees

IAlgorithm iFind the initial quantities
Calculate direction cosines
Find the position and velocity vector

IAuthor :Capt Dave Vallado USAPA/DIAS 719-472-4109 25 Aug 1988

i nputs
J D -Julian Date days from 4713 B.C.

IOutputs t
I R~oon - IJK Position vector of the Noon DU
I RtAsc - Right Ascension rad
I Decl - Declination rad

ILocalsz
I EclpLong - Ecliptic Longitude
I EclpLat - Eclpitic Latitude
I HzParal - Horisontal Parallax
I1 - Geocentric Direction Cosines
I m-

I Tu - Julian Centuries from 1 Jan 1900
I x - Temporary REAL variable

Iconstants
I Twopi -6.28318530717959

I Rad -Degrees per radian 57.29577951308230

ICoupling
I RealMOD Real M40D function
I Arcsin Arc Sine function
I Atan2 Arc Tangent formula which resolves quadrants

IReferences I
I1987 Astronomical hdmanac Pg. D46
I Explanatory Supplerent( 1960 ) pg. 106-111
I Roy, Orbital Motion Pg. 61-62 ( Discussion of parallaXes

------------- I-------------------------------------------



PROCEDURE Moon ( D i Extendedl
VAR l~ocon t Vector;
VAR RtAucDscl : Extended )

CONS'
TwoPi t Xxtended =6.28318530717959;
Rad : Extended =57.295779513082301

VAR
EcIpLong, EclpLat, HzParal, l,m,n,Tu,x i Extended;

BEGIN
[ ----------------- Initialize values --------------- )
Tu J D - 2451545.0 )/ 36525.0;

x : 218.32 + 481267.883*Tu
+ 6.29*Sin( (l34.9+477198.35*Tu)/Rad )
- 1.27*Sin( (259.2-4l3335.3B*Tu)/Rad )
+ 0.66*Sin( (235.7+890534.23*Tu)/Rad )I

EclpLong:= x + 0.21*Sin( (269.9+954397.70*Tu)/Rad )
- 0.19'Sin( (357.5+ 35999.05*Tu)/Rad)
- 0.11'Sin( (186.6+966404.05*Tu)/Rad )u {Dog

EcipLat t= 5.13*Sin( ( 93.3+483202.03*TI)/Rad
+ 0.28*Sin( (228.2+960400.87*Tu)/Rad)
- 0.28*Sin( (318.34 6003.lS*Tu)/Rad
- 0.17*Sin( (217.6-407332.20*Tu)/Rad )I Dog)

x : 0.9508 + 0.0518*Con( (134.9+477198.85*Tu)/Rad )I

HzParal s= x + 0.0095*Cos( (259.2-413335.38'Tu)/Rad )
+ 0.00780Cos( (235.7+090534.23*1Tu)/Rad )
+ 0.0028*Cou( (269.9+954397.70*Tu)/Raed )I Deg

XclpLong s= RealMOD( ZclpLong/Rad, TwoPi )I
EcIpLat t= Real]MOD( ScIpLat/Rad, TVoPi )i
)izParal := RealMOOi( HzParal/Rad, TwoPi );

(----------- Find the geocentric direction cosines--------.
Ii= COS( EclpLat ) * Cos( 9clpLong )I
m:= 0.9175*Cos(EclpLat)*Sin(UclpLong) - 0.3978*8in(UclpLat)j
n:= 0.3978*Cos(EclpLat)*Sin(KalpLong) 4 0.9175*Sin(SclpLat),

(------- Calculate Moon position vector ----------

Ri~oon[4]t= 1.0/SXN( HxParal )

R~oon[2]:= R~oon[4]'m;

( ------------ Find Rt Ascension and Declination-----------I
RtAsc:= ATan2( m,1 )
Decl:= ArcSin( n );

END; ( Procedure Moon



PROCEDURE PLANETRV

This procedure calculate the planetary ephemerides using the Epoch J2000.
The coefficients are obtained from Danbya book and provisions are left

to obtain Heliocentric Equatorial, or Heliocentric Ecliptic coordinates.
Notice the ephemeris presents data wrt the solar equator.

Algorithm : Use a case statement to assign each planets values
Find the vectors

Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 4 Feb 1990

Inputs
PlanetNum - Number of planet 1..9
JD - Julian Date days from 4713 B.C.

OutPuts
R - XYZ position vector AU
V - X!Z velocity vector Iu / TU

Locals
u1
cappi
TU
N
obliquity -

a
e
p
Inc
omega
argp
nu

LLong
LongP
e

ConstantsTwoP1
Rad - Degrees per radian

Coupling
RealMOD
I NewtonR
RandV

Ref~rences
Danby pg. 427-429
Escobal(2) pj. 261-270
Ascronomical Almanac pg 12-E4

... ........ ..... ........... .... ... -- ..... .... ...... ..... ....--- .. .........

PROCEDURE PlanetRV ( PlanetNum : Integer;
JD £ Extendedi
VAR R,V , Vector )

CONST
TwoPi : Extended = 6.28318530717959;
Rad i Extended = 57.295779513082301

VAR
TUDaySun,u,l,cappi,Tu,n,obliquty,a,e,p,inc,omega,argp,nu,
llonglongp,m,e0 s Extended;
i t Integer;

BEGIN
Tu : JD - 2451545.0 ) / 36525.0;

I



CASE PlanetNum OF
1: BEGIN { -Mercury -

LongP:= 1.3518643 + 0.0271656*Tu + 0.000005166*Tu*Tu
Omega:= 0.8435332 + 0.0207029Tu + 0.000003072*Tu*Tu,
Inc : 0.1222601 + 0.0000318*TU - 0.000000314*TU*TU;
e := 0.2056318 + 0.0000204*TU - 0.000000030*Tu*Tu;
LLong:= 4.4026098 +2608.8147071*Tu + 0.000005306*Tu*Tu;
a := 0.3871035;

END I
2: BEGIN {-------- Venus ---------

LongP:= 2.2962199 + 0.0244734'Tu - 0.000018727*Tu*Tu
- 0.000000087*TU*Tu*Tu,

Omega:=  1.3383171 + 0.0157275"Tu + 0.000007103*Tu*Tu;
Inc 0.0592480 + 0.0000175*Tu - 0.000000017*Tu*Tu;
a 2: 0.0067719 - 0.0000478'Tu;
LLong:= 3.17S1467 +1021.3529430'Tu + 0,000005428*Tu*Tu;
a :: 0.7233074;

ENDI
3: BEGIN - ----------- Earth ------ --

LongP:= 1.7965956 + 0.0300116*Tu + 0.000008029*TU*TUI
Omega:= 0.00000001
Inc : 0.00000001
B 1 : 0.0167086 - 0.0000420*Tu,
LLongt= 17.4614336 + 628.3319667"Tu + 0.000005306*Tu*Tu;
a t= 1.0000116;

ENDI
4: BEGIN { -------- Mars ---------

LongPt= 5.8653576 + 0.0321323"Tu + 0.000000236*Tu*Tu
Omega:=  0.8649519 + 0.0134756*Tu + 0.000000279*Tu*Tu:
Inc i: 0.0322838 - 0.0000105*Tu + 0.000000227*Tu*Tu;
o g: 0.0934006 + 0.0000905*Tu - 0.000000080*Tu*Tui
LLongt= 6.2034809 + 334.0856279"Tu + 0.000005428*Tu*Tul
a l = 1.52371071

END:
5: BEGIN {-------- Jupiter ---------

LongP3= 6.5333138 + 0.0281458'Tu + 0.000017994*Tu*Tu
- 0.000000070*Tu*Tu*Tul

Omega:: 1.7534353 + 0.0178190*Tu + 0.000006999*Tu*Tul
Inc :: 0.0227464 - 0.0000959"Tu + 0.000000087*Tu*Tul
* g: 0.0484949 + 0.0001632*TU - 0.000000470*Tu*Tul
LLongt= 0.5995465 + 52.9934808*Tu + 0.000003910*Tu*Tu;
a t: 5.21021561

END:
6: BEGIN ( -------- Saturn ---------

LongPl= 1.6241473 + 0.0342741*Tu + 0.000014626*Tu*Tu
+ 0.000000087*Tu*Tu*Tul

Omega: =  1.9838376 + 0.0153082'Tu - 0.000002112*TU*Tu
- 0.000000035*TU*TU*T

Inc t: 0.0434391 - 0.0000652'Tu - 0.000000262*Tu*Tu;
* 2: 0.0555086 - 0.0003468'Tu - 0.000001000*Tu*Tu;
LLong:= 0.8740168 + 21.3542956'Tu + 0.0O0009076*Tu*Tul
a : 9.53807011

END:

7: BEGIN -------- Uranus ---------
LongPs=  3.0195096 * 0.0259422*Tu + 0.000003752*Tu*TU;
Omega:= 1.2916474 + 0.0090954*Tu + 0.000023387*Tu*Tu

+ 0.000000332*Tu*Tu*TuI
Inc i= 0.0134948 + 0.0000135*Tu + 0.000000646*Tu*Tul
e I: 0.0462959 - 0.0000273*Tu + 0.000000080*TUtTuI
LLong:= 5.4812939 + 7.5025431'TU + 0.000005306*Tu*TUI
a :: 19.1833020:

ENDI
81 BEGIN e--------Neptune ---------

LongP:=  0.8399169 + 0.0248931*Tu + 0.000006615*Tu*Tu,
Omega:=  2.3000657 + 0.0192371"Tu + 0.000004538*Tu*TUI
Inc := 0.0308915 - 0.0001625*Tu - 0.000000140*Tu*Tu;
o : 0.0089881 + 0.0000064*TUI
LLong:= 5.3118863 + 3.8376877*Tu + 0.000005393*Tu*Tu
a 2: 30.0551440;

END;
9: BEGIN -------- Pluto

LongP:: 3.92026781
Omega:= 1.92695691
Inc t=  0.2990156;
e t= 0.25087701
LLong: =  3.8203049;
a 2: 39.5375800;

END;
END: (Case)
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LLong:= REALI4OD( LLong,TwoPX )
LongP:= RBALNOD( LongP,TwoPZ )

Omega:= REALNOD( Cmega,TwoPI )

Argp:: LongP - Omega;

NewTonR( e,M, ZO,NU )
p: a*Cl.0-e*e)l

u := 0.0;
1 1= 0.01
Cappi:= 0.0;

RANDV( P,e,Inc,Omega,Argp,Nu,U,L,Capri, R,V )

Alternate method for finding position vector
r(41s= ( a*( 1.0-e'e) ) / ( l.1+**Cos(Nu) )
rll:= r(41*( Cos(Nu+krgp)*Cos(Omega)-Sin(uArgp)*CosInc)*Sin(Oega) )I
r(21:= r(41*C Cou(Nu+Argp)*Sin(Omega)+Sin(Nu+Argp)*Cos(Inc)*CosCOmega) )
r[31:= r141*SinCNu+Argp)*Sin(Inc);

I----- calculations required for reference to mean equator--
N : ( JD - 2451545.0 )s
Obliquitys= 23.439 - 0.0000O04*H; (dog)
Obliquityi= Obliquity / Radj

RO'fl( V ,-Obliquity, V )I

TIJDaySuni= 54.20765355; ( days per sun TU)
FOR i:= 1 to 3 DO

v(i):= v~i)/tudaysuni

IF Show = Y THEN4
BEGIN
WritoLn( a eI Omega LongP 1);
WriteLn( asl0:6,3:l3:6uInc*rad:10:6,Omgi,.*radsl2:6,LongP*rad:14:8 )I
WritoLn( ' LLong Argp M Nu 6)i

WriteLn( LLong*radsl4z5,Argp*radsl2s6,H*rad:12s6,Nu*rad:l2:6 )I
END;

ENDI C Procedure PlanetRV
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I FUNCTION GEOCENTRIC

This Function converts from Geodetic to Geocentric latitude. Notice that
(1-f) squared = l-eSqrd.

Algorithm % Find the answer

Author z Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs
Lat - Geodetic Latitude -Pi/2 - Pi/2 rad

Outputs 3
Geocentric - Geocentric Latitude -Pi/2 - Pi/2 rad

Locals
None.

Constants
EESqrd - Eccentricity of Earth squared, 0.00669437999013

Coupling I
None.

References 3

Escobal pg. 136
Kaplan pg. 332-336

------------------------------------------------------------------------

FUNCTION Geocentric ( Lat s Extended ):Hxtended
CONST

EESqrd : Extended = 0.006694379990131
BEGIN
Geocentric== ARCTAN( (1.0 - EESqrd)*TAN(Lat) ),

END; C Function Geocentric I

------------------------------------------------------------------,0 FUNCTION INVGEOCENTRIC

This Function converts from Geocentric to Geodetic latitude. Notice that
(1-f) squared = 1-eSquared.

Algorithm t Find the answer

Author a Capt Dave Vallado UeAFA/DFAS 719-472-4109 12 Aug 1988

Inputs a
Lat - Geocentric Latitude -Pi/2 - P1/2 rad

Outputs
InvGeocentric- Geodetic Latitude -Pi/2 - Pi/2 rad

Locals
None.

Constants 3
EESqrd - Eccentricity of Earth squared 0.00669437999013

Coupling
None.

References 3
Escobal pg. 136
Kaplan pg. 332-336

I-------------------------------------------------------I

FUNCTION InvGaocentrtc ( Lat S Extended ):Extended;
CONST

EESqrd : Extended = 0.006694379990131
BEGIN

InvGeocentrlcs= ARCTAN( TAN(Lat)/(1.0 - EESqrd) }
END; ( Function InvGeocentric I
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I PROCEDURE SIGHT

IThi.' p9rocedu,,,;take. the position vectors of two satellites and determiner'
Iif there is line-of-sight between the two satellites. A spherical Earth
I with radius of 1 DU is assumed. The process is to form the equation of
I a line between the two vectors. Differentiating and setting to zero finds
I the minimum value, and when plugged back into the original line equation,
I gives the minimum distanc6. The parameter tamn is allowed to range from
I 0.0 to 1.0.

IAlgorithm : Find tain
I Check value of tmin for LOS

Find dist squared if needed

IAuthor : Capt Dave Vallado USAFA/DIAS 719-472-4109 31 Jan 1990

iInputs
I R1 - Position vector of the first sat DU
I R2 - Position vector of the second sat DU

Ioutputs
I LOS -Line of sight @Yost' 1WI

ILocals
I ADotB Dot product of a dot b
I Thin -Minimum value of t from a to b
I DistSqrd - Mini Distance squared for to earth DU
I ASqrd - Magnitude of A squared
I Sqrd - Magnitude of B squared

constants
N one.

ICoupling:I DOT Dot product of two vectors

IReferences
I None.

------------ ---- ------ - -0

PROCEDURE SIGHT (Rl,RR i Vectorl
VAR LOS aStr3

VAR
ADotB,TMin,DistSqrdASqrd,uSqrd: ZXTMODI

BEGIN
B~qrd%= R2[41*R2[41,
ASqrdt= Rl(4]'RI[4]i
ADotBi= DOT( Rl,R2 ))
THin := ( ASqrd - AflotB ASqrd +BSqrd -2.0*ADotB )I

IF (THin < 0.0) or (THin > 1.0) THEN
LOSt= 'YES'

ELSE
BEGIN
D13tSqrds= (1.0-TWun)*ASqrd + ADot3*T~in;
IF DistSqrd > 1.0 THEN

LOStz IYSI
ELSE
LOS:= 'NO '

ENDI
ENDi ( Procedure Sight}
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PROCEDURE LIGHT

This procedure determines if a spacecraft is sunlit or in the dark at a
particular time. A spherical Earth and cylindrical shadow is assumed.

Algorithm s Find the sun vector
Use the sight algorithm for the answer

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 9 Feb 1990

Inputs
R - IJK Position Vector of satellite DU
JD - Julian Date of desired observation Days from 4713 B.C.

OutPuts
Vis - Visibility Flag 'Yes',No I

Locals $
RtAsc - Suns Right ascension rad
Decl - Suns Declination rad
RSun - Sun vector AU
AUDU - Conversion from AU to DU

Constants t
None

Coupling
SUN Position vector of Sun
LNCOMI Multiple a vector by a constant
SIGHT Does Line-of-sight exist bewteen vectors

References I
Escobal pg.

-------------------------------------------------------------I

PROCEDURE LIGHT R R : Vectorl
JD : Extended;
VAR LIT : Str3

VARRSun 
: Vectorl

AUDU,RtAsc,Decl : Extended;
BEGIN

AUDUt= 149599650.0/6378.137;

SUN( JD,RSun,RtAsc,Decl );
LNCOMI( AUDU,RSun, RSun };

{ --------- Is the satellite in the shadow?---------------
SIGHT( RSun,R, Lit )f

END; { Procedure Light

-
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I

PROCEDURE OS2

This procedure determines the velocity and position vector of the shuttle
after it performs the 0448-2 burn. Assume the burn and the resulting
velocity change are instanteanous.

Algorithm : Find the velocity vector
Rotate to IJK

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 7 Mar 1990

Inputs
Lat - Geodetic latitude of the shuttle's Earth sub-

point (its NADAR) before the burn. rad
Lon - Geodetic longitude of the shuttle's NADAR rad
Alt - Altitude of the shuttle above the Earth's surface DU
Phi - Shuttle flight path angle rad
Az - Shuttle azimuth angle rad
Speed - Shuttle scalar velocity with respect to inertial space DU/TU
JD - Julian Date Ref 4713 B.C.

Outputs
R - Position vector of the shuttle after the OMS2 burn DU
V - Inertial velocity vector of the shuttle after OS2 burn DU/TU

Locals
VSEZ Velocity vector expressed in the SEZ frame DU/TU

Constants
HalfPi

Coupling
LSTIME - Find LST and GST
SITE - Find Site vector on an oblate Earth
ROT2 - Rotate about the 2 axis
ROT3 - Rotate about the 3 axis

References
None.

......................... ----- -." . . -- ---- '--'--'--" ........ ... - .... ...... -

PROCEDURE OMS2 ( Lat,Lon,AltPhiAs,Speed,JD a Extendedl
VAR R,V a VECTOR )I

CONST
HalfPi : Extended = 1.57079632679490

VAR
GST, LST i Extendedi
VSEZ,VSTempVec : Vectorl

BEGIN
LSTime( Lon,JD, Lst,Gst )I
SITE( Lat,Alt,Lst, R,VS )I

( -- Velocity vector in the rotating, Earth-fixed SEZ frame -- I
VSEZ(l) s= -Speed * COS(Phi) * COS(Az)j
VSEZ(21 a Speed * CO(Phi) * SIN(Az)j
VSEZ(31 a= Speed * SIN(Phi)a
MAG( VSEZ );

{ ------------ Perform SEZ to IJK transformation------------
ROT2( VSEZ, Lat-HalfPi, TaepVec )i
ROT3( TempVec, -LST , V

END; [ Procedure ONS2 )
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i e PROCEDURE RNGAZ

This procedure calculates the Range and Azimuth between two specified• ground points on a spherical Earth. Notice the range will ALWAYS be

within the range of values listed since you do not know the direction of
firing, long or short. The procedure will calculate Rotating Earth ranges
if the TOY is passed in other than 0.0.

Algorithm :Find the range
Calculate the As noting all combinations of quadrants

Author I Capt Dave Vallado USAFA/DPAS 719-472-4109 25 Aug 1988

inputsLLat - Start Geocentric Latitude -Pi/2 - P/2 rad

LLon - Start Longitude (WEST -) 0.0 - 2Pi red
TLat - End Geocentric Latitude -Pi/2 - Pi/2 red
TLon - End Longitude (WEST -) 0.0 - 2Pi tad
TOP - Time of Flight It ICBM, or 0.0 TU

OutPuts
Range - Range betwean points 0.0 - Pi rad
Az - Azimuth 0.0 - 2Pi rad

Locals
None.

Constants 9
TwoPi

I P1
OmegaEarth - Angular rotation of Earth Rad/TU
Small - Tolerance

Coupling
ArcCos Arc Cosine function

References
BMW pg. 309-311

PROCEDURE RngAz ( LLat,LLon,TLat,TLon,TOF i Ngtendedt
VAR Range, As a Extended )l

CONST
OmegaEarth a Extended = 0.0580335906868878;
P1 Extended = 3.141592653589791
TwoPi a Extended = 6.283185307179591
Small t Extended = 0.000001;

BEGIR
Ranges= ArcCos( SIN(LLat)*SIN(TLat) +

COS(LLat)*COS(TLat)*COS(TLon-LLon + OmegaEarth*TOF) )I

{------ Check if the Range is 0 or half the earth----------
IF ABS( Sin(Range)*Cos(LLat) ) < Small THEN

IF ABS( Range - Pi ) < Small THIN
Azt= P1

ELSE
Ass= 0.0

ELSE
Azt= ArcCos( ( SIN(TLat) - COS(Range) * SIN(LLat)) /

(SIN(Range) * COS(LLat)) )I

------- Check if the Azimuth is grt than Pi ( 180deg )------
IF SIN( TLon - LLon + OmegaarthtTOF < 0.0 THEN

Az:= TwoPi - Azj
END; ( Procedure RngAz I
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PROCEDURE PATH

IThis procedure determines the and position for a given range and azimuth0I from a given point. notice the use of AYAN2 to eliminate quadrant
I problems. Also# Geocentric coordinates are used since the Barth is
I assumed to be spherical.

IAlgorithm : Find the latitude
I Find the change in lcngitude noting quadrant possibilities
I Calculate the longitude

IAuthor : Capt Dave Vallado USAFA/DIAS 719-472-4109 25 Aug 1988

IInputs
I LLat - Start Geocentric Latitude -Pi/2 - Pi/2 rad
I LLon - Start Longitude 0.0 - 2Pi rad
I Range - Range between points DU
I As - Azimuth 0.0 - 2Pi rad

Ioutputs
I TLat - Bnd Geocentric Latitude -Pi/2 - Pi/2 rad
I TLon - End Longitude 0.0 -2Pi rad

ILocals
I SinDeltaN - Sine, of Delta N rad
I CosDeltaN - Cosine of Delta N rad
I DeltaN - Angle bteween the two points rad

Iconstants

I TwoPi
I small -Tolerance

ICoupling
I Arcsin Arcsine function
I RealNOD Real MOD function
I Atan2 Arc tagent function which also resolves quadrants

IReferences
BMW pg. 309-311 ---
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}PROCEDURE Path (LLat, LLon, Range, As : Extended;
VAR That, Tmon : Extended )

Pi Extended = 3.141592653589791

TwoPi: Extended =6.28318530717959;
Smalls Extended = 0.000001i

VAR
SinDeltaN,Co*DeltaN, DeltaN : xtendedl

BEGIN
Azt= RealNOD( AX#TWoPi )I
IF LLon < 0.0 THEN

LLont= TwoPi + LLon;
IF Range > TwoPi THEN

Ranges= RoalMOD( Range,TwoPi )I

--------------- Find Geocentric Latitude - -- I
[ TLat s: ARCSIN( SIN(LLat)*COS(Range) + COS(LLat)*SIN(Rang*)*COS(Az) )I

(- Find Delta No the angle between the points ------
IF (ABS(COS(That)) > Small) and (ABS(COS(LLat)) > Small). THEM
BEGIN

SinDeltaNs: SIN(Az)*SIN(Range) / COS(TLat)j
CoeDeltaNt= ( COS(Range)-81N(TLat)*SIV(LLat) )/(COS(TLat)*COS(LLat) )
DeltaNs= ATan2(SinDoltaN,CosDeltaN)j

BEGIN

------ Case where launch is within 3no of a Poleo - -

IF ABS(COS(LLat)) <r Small 9 10
IF (Range > Pi) and (Range < TwoPi) THUN

DeltaN:= As + P1
ELSE
DoltaN:= AS;

------ Came where and point is within 3nm of a pole -- --- I
IF ABS( COS(TLat) <z( Small TNEN

DeltaNu= 0.0;
END;

TLon:z LLon + DoltaN;
IF Thon < 0.0 THEW

TLonss TwoPi + Than,
IF TLon >TwoPi THEN:4 TLoniz Real40D( Thon,TwoPi )I

END; Procedure Path3
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PROCEDURE TRAJEC

This procedure calculates the Range, Azimuth, and Time of Flight between
two specified ground points for an ICBM with as known Q. Calculations
depend on knowledge of burnout conditions, and the iterations are
performed for either a high or low trajectory. Notice the ICBM will fly
on an inertial trajectory, and values for earth relative velocities,
etc., are calculated after the iteration. Notice these calculations do
not support trajectories over half the world away.

Algorithm : Find the Range and As with 0 TOF
If the trajectory is possible,
Loop to find the Range and As corrected
Calculate influence coefficients
Find velocity needed

Author Capt Dave Vallado USAFA/DVAS 719-472-4109 9 Oct 1988

Inputs
LLat - Start Geocentric Latitude -Pi/2 - Pi/2 rad
LLon - Start Longitude (WEST -) 0.0 - 2Pi rad
TLat - End Geocentric Latitude -Pi/2 - Pi/2 rad
TLon - End Longitude (WEST -) 0.0 - 2Pi rad
I bo - Radius at burnout DU
Q - Non-dimensional Q performance based on Inertial Velocity
TypePhi - Type of trajectory, High ot Low H, IL

OutPuts
Range - Rotating Range between points 0.0 - Pi rad
Phi - Inertial Flight Path Angle rad
TOF - Rotating Earth Time of Fligth TU
Az - Inert Azimuth 0.0 - 2Pi rad
ICPhl - Influence Coefficient for Phi rad/rad
ICVbo - Influence Coefficient for Vbo rad/ DU/TU
ICRbo - Influence Coefficient for Rbo rad/rad
Vn - Velocity the missile needs DU/TU

Locals
small - Tolerance
QfoNln -,minimum, for a given range
a - Semi Major Axis DU
Ecc - Eccentricity
E - Eccentric Anomaly rad
RangeOld - Iteration value of range DU
Vbo - Inertial Velocity DU/TU
VEarth - Earths velocity DU/TU
i - Index

Constants
Pi
Rad - Degrees per radian
OmegaEarth - Angular rotation of Earth (Rad/TU)
Undefined - Flag for an undefined element

Coupling
MAG Magnitude of a vector
ArcSin Arc Sine of a value
ArcCos Arc Cosine of a value
RngAz Finds range and Azimuth given two points

References
BMW pg. 293-313

- ---------------------
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PROCEDURE Trajec (LLat,LLon,TLat,TLon,Rbo#Q : Extended;
TMpPhi : Char;
VAR Range,Phi#TOF,A2,ICPhi,

ICVboICRbo : Extended;
VAR Vn : Vector )

CONST
Pi t Extended = 3.141592653589791
Small : Extended = 0.000001;
Omegagarth : Extended =0.0588335906868878;

[Rad : Extended = 57.29577951308231
Undefined t Extended a 999999.1;

VAR
a,Ecc,B,RangeOld,Vbo,VBarth,Qbomin : Extended;
i : INTXGX~j

BEGIN
{ ------------------- Initialize ------------------- I
Rangeald := -1.0;

------------ iterate to find the flight time--- --

Rnghz( LLat,LLon,TLat,TLon,0.0, Rang*,Az )Ir A := RBo /(2.0 - Q);

QBoHIn: ( 2.O*Sin(Range/2.0) )/(1.04Sin(Range/2.0));

IF (Q - Qbouin) > 0.001 THEN
BEGIN

WHILE (ABS(RangeOld - Range) > Small) and ( I < 20 ) DO
BEGIN

---------- Check for High or Low Flight Path Angle --------- I
IF TypePhi ='H' TRWN

Phi3= O.5*( (Pi - ArcSIN(((2.0-Q)/Q)*Bin(Range/2.0)))
-Range/2.0)

ELSE
Phi:= 0.5*( ArcSINC((2.0-Q)/Q)*Sin(Range/2.0)) - Rango/2.0);

Ecc t= SQRT( 1.0 + Q*(Q-2.0)'Cos(Phi)*Cos(PhI) )I
X := ArcCos( (Icc-Cos(Range/2.0)) / (1.0-5CC*Co8(Rang*/2.0)) )I
TOf 33 SQRT(A*A*A)*2.0*( Pi - E + Rcc*SINCE) )

IF Show = 'VI THEN
Writeln( i:4,Range*Rada12a6,Phi*Rad:12a6,e*Radhl2s6,eccsl2:6,

TOF*13.44685106:12t6 )

RangeOld:= Range;
Rnghx( LLat,LLon,TLatTLonTOFr, Range,Az )I

END;
IF I >= 20 THEN

Writ*Ln( 'The Iteration did not converge In 20 steps' )

-- Evaluate Influence Coefficients for unit errors---------
VBo t= SORT( Q/Rbo )I
ICPhioz ( ( 2.0*Sin(Range + 2.0*Phi) )/Sin(2.0*Phi) )-2.0;
ICVbo:z ( B.O*Sin(Range/2.0)*Sin(Range/2.0) ) /

( Vbo*Vbo*VBo*Rbo*Sln(2.0*Phi) )I
ICRbo:= ( 4.0*Sin(Range/2.0)*Uin(Range/2.0) ) /

( Vbo*Vbo*RBo*Rbo*Sin(2.0*Phl) )I

-------------------------- Find Velocity Needed, Relative Velocity -- -
VEartht= Omegagarth * Cos(LLat);

VN(l]:= -VBo'COS( Phi )PCOS(A);
VNC2]3z VBo*COS( Phi )'SIN(Az) - VEarthl
VN(3]:= VBo'SIN( Phi )I
HAG( VN )

END
ELSE
BEGIN

(I Write( 'ICBM doest not have enough energy-
(I Writeln( I Q Min ',QboMIn:12t6 )

Phi := Undefined; TOP t= Undefined;
ICPhi32 Undefined; ICVboir Undc!ftn9d;
ICRbot= Undefined; Vn(41:x UNdefined;

END;

END; Procedure TraJec
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I PROCEDURE HOHMANN

IThis procedure calculates the delta v's for a Hohmann transfer for either0
Icircle to circle, or ellipse to ellipse. The notation used is from the
Iinitial orbit (1) at point a, transfer Is made to the transfer orbit (2),
I and to the final orbit (3) at point b.

IAlgorithm :Find initial values
I If the orbits are both cir or ellip, find the answer

IAuthor : Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Jun 1989

IInputs
I Rl - Initial position magnitude DU -

I R3 - Final position magnitude DU
I el - Eccentricity of first orbit
e 3 - Eccentricity of final orbit

I Nul - True Anomaly of first orbit 0 or Pi rad'
I Nu3 - True Anomaly of final orbit 0 or Pi rad

Ioutputs
I DeltaVa - Change in velocity at point a DUI / TU
I DeltaVb - Change in velocity at point b DU / TU
I TO? - Time of Flight for the transfer TU

ILocals
I SHEI - Spacf ic Mechanical Energy of first orbit DU2 /TU
I SME2 - Spectic Mechanical Energy of transfer orbitDU2 /TU
I SNR3 - Specfic Mechanical Inergy of final orbit DU2 /TU
I Vl - velocity of 1st orbit at point a DUI TU
I V2a - Velocity of transfer orbit at point a DUI TU
I V2b - Velocity of transfer orbit at point b DUI TU
I V3 - Velocity of final orbit at point b DUI TU
I al - Semi Major Axis of first orbit DUI
I a2 - Semi Major Axis of Transfer orbit DUI
I a3 - Semi Major Axis of final orbit DUi

Iconstants I
I pi

Icoupling

References t

BMW pg. 163-166

-----------------------------------------------------------I
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PROCEDURE Hohmann ( R1,R3,sl,e3,Nul,Nu3 : Extended;
VAR Deltava,Deltavb,TOF : Extended );

CONST
PV : Extended 3.141592653589791

SME1,SMN2,SE3, Vl,V2a,V2b,V3, al,a2,a3 : Extended;

BEGIN
( ------------------- Initialize values
al := (rl*(l.0+el*Cos(Nul))) / (1.0 - el*le )I
a2 := ( R1 + R3 ) / 2.0;
a3 := (r3*(1.0+e3*Cos(Nu3))) / (1.0 - *3*e3 )1
SMI:= -1.0 / (2.0*al)l
So, 2:= -1.0 / (2.0*a2),
SM3t= -1.0 / (2.0*a3),
DeltaVa:- 0.01
DeltaVb:= 0.01
TOP:= 0.01

IF ( el < 1.0 ) or ( s3 < 1.0 ) THIN
BEGIN

---------------- Find Delta v at point -------------
VI := SORT( 2.0*( (1.0/Rl) + SM)1 ) )
V2a:x 8QRT( 2.0*( (L.0/Rl) + SK32 3
DeltaVas= ABS( V2a - Vl );

(--------------- Find Delta v at point b
V3 : SQRT( 2.0*( (1.0/R3) + 3 ) )
V2b:= SORT( 2.0*( (1.0/R3) + 8I42 ) )
DeltaVbix AS( V3 - V2b );

(-------------- Find Transfer Time of Flight-------------
TOFin PI * SQRT( A2*A2*A2 );

IF Show x 'Y' THEN
BIGIN
WriteLn( ' a2 ',a2s10s6,' DU' )I
WriteLn( IV ',Vl:106 )I
WriteLn( ' V2a ',v2asl0:6,' V2b l,v2b:10s6 )l
WriteLn( ' V3 1,V3s10:6 )I
WritoLn( 'TOTAL ',(DoltaVa+DtltaVb)t1Ot6,' DU/TU' )

END

ENDs ( Procedure Hohmann I
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-------;------------------------- - - -----

PROCEDURN ONNTANGNT

This procedure calculates the delt& v's for a One Tangent transfer for either
circle to circle, or ellipse to ellipse. The notation used Is from the
ihitiil orbit (1) at point ai trankfer is made to the transfer orbit (2),
and to the final orbit (3) at point b.

Algorithm : Find the parameters for the transfer orbit
Based on the eccentricity, find the answer

Author t Capt Dive Vallado USAFA/DFAS 719-472-4109 19 Jun 1989

Inputs
Rl - Initial position magnitude DU
R3 - Final position magnitude DU
el - ccentricity of first orbit
I 3 - Eccentricity of final orbit
Nul - True Anomaly of first orbit rad
Nu2 - True Anomaly of second orbit red
Nu3 - True Anomaly of final orbit red

OutPuts
DeltaVa - Change in velocity at point a DU / TU
DeltaVb - Change in velocity at point b DU / TU
TOP - Time of Flight for the transfer TU

Locals
SI34 - $pectic Mechanical Energy of first orbit DU2 / TU
SH32 - Spec!ic Mechanical Energy of transfer orbit DU2 / TU
SM83 - Specfic Mechanical Energy of final orbit DU2 / TU
Vl - Velocity of let orbit at point a DU / TU
V2a - Velocity of transfer orbit at point a DU / TU
V2b - Velocity of transfer orbit at point b DU / TU
V3 - Velocity of final orbit at point b DU / TU
e2 - Eccentricity of second orbit
al - :eI Major Axis of first orbit DU
a2 - SeaI Major Axis of Transfer orbit DU
a3 - Simi Major Axis of final orbit DU
I - Eccentric anomaly of transfer orbit at point b rad

Constants
None.

Coupling
None.

References I
BMW pg. 163-166

....... - -------------------------------- ---- ---
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PROCEDURE OneTangent (R1,R3,el,e3,Nu,14u2,Nu3 tExtended;
VAR Deltava,Doltavb,TOV t Extended )i

VRSN2l,SNE2,S413, VI,V2a,V2b,V3, e2,ai,a2,a3, Ph12b,Phi3, 3, Sinv,Cosv tExtend

( ~ ~ ~------------------------ Iiilz aus ----------------- I

*2 (r3-r ( r3*Coo(Nu2)+Cos(Nuli*rl )I Cos(Nul) determines the sign)

BEGIN
a2 := 999999.09 C(Nl) neie for0 -aaoi orbit
S1412: 0.0/(.Oa)

ENDp

a3 := (r3*(l.0+*3*Cos(hu3))) / (1.0 - *3**3 )
SNEls= -1.0 / 2.0*a1);
SHE3t= -1.0 /(2.0*a3)1

({-------------- rind Delta vat point a------)
Vi := SORT( 2.0*( (1.0/Ri) + 811))
IF AnS( 81432 ) > 0.000001 THIN

V2a:z SORT( 2.O*( (1.0/Ri) + 8S432
ELSE
Was= SORT( 2.0*(1.0/Rl) )I

DoitaVa:= ADS( V2& - Vl )I

(--------------------- rind Delta vat point b-------------------
V3 := SORT( 2.0*( (1.0/R3) + 8143))
IF ABS( SK22 ) > 0.000001 THEN

V2b:= SORT( 2.0*( (1.0/R3) + 8142
ELSE
V2bt= SORT( 2.0*(1.0/R3) )I

Phi2bi= ArcTA4( ( e2*Sin(Nu2) ) / ( 1.0 + e2*Cos(Nu2) ) )
Ph13 t= ArcTAN( ( *3'Sin(Nu3) ) / ( 1.0 + e3*Cou(Nu3) ) )
DoitaVbaz SORT( V2b*V2b + V3*V3 - 2.0*V2b*V3*Cos( Phi2b-Phi3 ))

IF e2 < 0.9999 THEN
BEGIN

Sinvi= ( SORT( l.0-e2*e2 )*Sin(Nu2) )/(1.0 + *2*Con(Nu2) )
Cosv:z ( *2+Cos(Nu2) ) / ( 1.0 + e2'Cos(14u2) )I
3 ATAN2( Sinv,Coov )I
TOP a SORT( A2*A2*A2 ) Z - *2'Sin(3) )

END
ELSE
BEGIN

IF AD3S( e2-1.0 ) < 0.00000i THIN
BEGIN

( Parabolic TOP
END
ELSE

-- -
-
-
-- 

-
-

EGnI 

r 
n 
frNie 

o 

F 
ih 

-- 

-
-
-
-

{ Hyperbolic TOY
END;

ENDi

() IF Show = IY THEN
0) BEGIN

HWriteLn( Ia2 1,a2t10s6,1 DUe')
(IWritaLn( I VI l,vl:l0:6 )i

0 WriteLn( V2a h,v2a~l0:6,1 V2b l,v2bslOt6 )I
0 WriteLn( V3 ,vMa10: )I
0 WriteLn( 'TOTAL 1,(DeitaVa+D~ltaVb)ti0t6,' DU/TU1 )i
0I Writ@Ln( e 2 1,92s10:6, Z = 1,E'57.2955:l0s6,1 &2 1,a2tlO, )
0I WriteLn( 1Ph12 1,Phi2b*57.2955sl0t6,1 Ph13 = ,Phi3*57.2955sl0s6 )
0 END;

ENDI ( Procedure OneTangentI
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I P1OCXlUR GEMXRALCOWLANAR

IThis procedure calculates the delta v's for a general coplanar transfer for0
Ieither circle to circle, or ellipse to ellipse. The notation used is from
Ithe initial orbit (1) at point at transfer is made to the transfer orbit (2),
Iand to the final orbit (3) at point b.

IAlgorithm

IAuthor : Capt Dave Vallado USAIA/DFA8 719-472-4109 14 Mar 1989

i nputs
R l - initial position magnitude DU

I R3 - Final position magnitude DU
I el - Ucentricity of fir~st orbit
I 3 - Eccentricity of final orbit
I )ul - True Anomaly of first orbit rad
I NO3 - True Anomaly of final orbit rad

Ioutput$
I DeltaVa - Change in velocity at point a DU /TU
I DeltaVb - Change in velocity at point b DU /TU
I Tor - time of Flight for the transfer TV

ILocalsI
I SM2l - Speof ic Mechanical Energy of first orbit DU2 / TU
I SME2 - Speof ic Mechanical Energy of transfer orbit DU2 / TU
I 8M3 - Speofic Mechanical Energy of final orbit DU2 / TU
I vl - Velocity of lot orbit at point a DU / TU
I V2a - Velocity of transfer orbit at point a DU / TV
I V2b - Velocity of transfer orbit at point b DU / TV
I V3 - Velocity of final orbit at point b DU / TV
I al - Semi Major Axis of first orbit DU
I a2 - Gemi Major Axis of Transfer orbit DU
I a3 - Semi Major Axis of final orbit DU

E - E9ccentric anomaly of transfer orbit at point b rad

Iconstants I
I None.

Icoupling I

IReferences
BMw pg.

---------------------------------------------------
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PROCEDURE GeneralCoplanar (RlR3,e1,e2,e3,Nul,Nu2a,Nu2b,4u3 E xtended;

VRVAR DoltavaDltavb,OW sExtended )

SME1,S1432,SNK3, VI,V2a,V2b,V3, al,&2,a3,Phil,Phi2a,Phi2b,Phi3,
E,go,Sinv,Cosv : extended;

BEGIN
------------------ Initialixe values -------

al s= (rl*(1.0+o1*Cos(4u1))) / (1.0 - e1*e )I
IF ABS( e2-1.0 ) > 0.000001 THUI

BEGIN
a2 &= (rl*(1.0+,2*Cou(Nu2a))) /(1.0 - e2**2 )
9MZ2tm -1.0 / (2.0*a2)1

END
ELSE
BEGIN

a2 := 999999.91 [ Undefined for Parabolic orbit)
S3412: 0.0;

ENDI
a3 :x (r3*(1.0+*3*Cos(4u3))) / (1.0 - *3*g3 )1
SME1:z -1.0 /(2.0*al)l
SME3t= -1.0 /(2.0*a3),

{--------------- Find Delta vat point-----
Vl := SORT( 2.0*( (1.0/Ri) + SNHl) )
V2a:= SORT( 2.0*( (1.0/Rl) + 11422))
Ph12aim ArcTAN( ( 2s~iss(Nu2a) )/(1.04 e2*Cos(Nu2a) ))
Phil sz ArcTAN( ( eI.*Sin(14u1) )/(1.0 + 9l*Cos(Wul) ) )
DeltaVa:m SORT( V2a*V2* + Vl*1'V 2.0O*V2&*VI*Cos( Ph12a-Phil )

--------------- Find Dlta vat point b-----------------I
V3 t= SORT( 2.0*( (1.0/R3) + 8H343))
V2b:= SORT( 2.0*( (1.0/R3) + 91432 )
Ph12bt= ArcTAN( ( e2*Sin(Nu2b) )/(1.0 + e2*Cos(Na2b) ))
Ph13 t= Arc!AN( ( a3*Sin(Nu3) )/(1.0 + *3*Cos(Vu3) ) )
DeltaVbsx SORT( V2b*V2b + V3*V3 -2.0*V2b*V3*Cos( Ph12b-Phi3 ))

( ------------- Find Transfer Time of Flight - ------
Sinvsm ( SORT( 1.0-*2*e2 )'Sin(Nu2b) ) / ( 1.0 + *2*Cos(Nu2b) )
Cosv:a ( e2+Con(Nu2b) )/(1.0 + *2*Cos(Nu2b) )I
at= ATAN2( Sinv,Coav )I
Sinvs= ( SORT(C 1.0-*2**2 )*Sin(Nu2a) )/(1.0 + o2*Cos(Nu2a) )
Cost ( e2+Cos(Nu2a) )/(1.0 + *2'Com(Nu2a) )I
Mos= ATAN2( SinvCosv )
TO1:a SORT( A2*A2*A2 )*(Z( - *2*Sin(3)) -(so - 2*Sin(Uo)) )

IND; Procedure GeneralCoplanar
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I PROCIDURE RMlDNZVOUB

IThis procedure calculates parameters for a Hohmann transfer rendezvous.

Algorithm t Calculate the answer

IAuthor ; Capt Dave Vallado USAFA/DIAS 719-472-4109 23 Sep 198

InIfputs 3
I Rcsl - Radius of circular orbit Interceptor DU
I RCs2 - Radius of circular orbit target DU
I Phase! - Initial phase angle rad
I umRevs - Number of revs to wait

Ioutputs
I Phase? - Final Phase An~gle rad
I WaitTime - Wait before next intercept opportunity TU

ILocals I
I TOlTrans - Time of flight of transfer orbit TU
I ATrans - Seai-major axis of transfer orbit Dli
I VslTgt - Velocity of target rad / TU
I Velint - Velocity of Interceptor rad / TU
I LeadAng - Lead Angle rad

IConstants S
I PI

Icoupling
N one.

IReferences
I BM~ Pg.

-------------- --------------------------------- I

PR0CZDURE Rendezvous (Rcsl#Rcs2,PhaseZ s Ixtended;
MusRevs i Integers
VAR Phas*lWaitTixe i xxtended )

VARS PIt xtendd =3.14159265358979;

TOYTrans ,LeadhnglaTranu,VelTgt,Vellnt t Xxtendedi
BBGIN

A~as := (Rcol + Rcs2) / 2.0;
TO??ranss= PI*SQRT( Alrana*ATrans*Ayrans )I
VelInt := 1.0 /(SOST(Rcsl*RcslCRcsl) )I
Vo IlTgt t= 1.0 / 8SM(Rcs2*Rcs2*Rcs2) )

LeadAng a VelTgt *TOYTRansl

Phase? PI - LeadAngi
WaitTime:: Phasel - Phase? + 2.O5PI*Numalv )/ Veant -V*l~gt )I

IF ZShowi 'Y' THU

(IWriteln( A transfer a '#ATRAnM:l2sG, Dli
(I Writeln( ' TO !ransferz '#TOFTRanstI2:8,' TU
(IWriteLn( ' VelTgt a'#Velfgtsl2s8# I rad/TU' )

(IWriteLn( VelInt = 11l31ntsl2s$, I rad/TUI )I
IWrdtaln( Lead Angle z ',Lsad~ng*57.29578:12t8,' I' )

xwD ( Procedure Rendezvous)
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e PROCEDURE INTERPLANITARY

This procedure calculates the delta VIA for an interplanetary mission. The

transfer assumes circular orbits for each of the planet*. Notice the
units are all metric since this procedure is designed for ANY planet and
sun system. This eliminates having knowledge of cannonical units for
each planet in the calculations.

Algorithm : Calculate the answer

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1955

Inputs 9
R1 - Radius of planet 1 from sun km
R2 - Radius of planet 2 from sun km
Rbo - Radius at burnout about planet 1 km
Rimpact - Radius at Imact on planet 2 km
Hul - Gravitational parameter of planet 1 k*3/s2
Hut - Gravitational parameter of planet Sun km3/s2
Mu2 - Gravitational parameter of planet 2 kW/2

OutPuts I
DeltaVl - Hyperbolic EXCes velocity at planet 1 801 km/s
DeltaV2 - Hyperbolic Excess velocity at planet 2 B1 km/s
Vbo - Burnout velocity at planet 1 km/as
Vretro - Retro velocity at surface of planet 2 ka/s

Locals
SMl - Specfic Mechanical Energy of lot orbit W 2/s
$Ht - spcfic Mechanical Uergy of transfer orbit m2/o
SI42 - SpecfIc Mechanical Rne:gy of 2nd'orbit 1*2/s
Vcsl - Velocity of lt orbit at delta v 1 point Km/s
Vcs2 - Velocity of 2nd orbit at delta v 2 point KP/s
Vti - Velocity of Transfer orbit at delta v I point Ia/
Vt2 - Velocity of Transfer orbit at delta v 2 point Ia/s
A - Semi Major Axis of Transfer orbit go

Constants t
I None.

Coupling
None.

References
BI W pg.

----------------------
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PROCEDURE Interplanetary (Rl,R2,Rnbo,Rixact,Nul,Nut,Nu2 i Xxtendedl

VRVAR Deltavl,Deltav2,Vbo,Vretro t Extended )I

SNE1,8S432,SN~t, Vcsl, VC82# Vtl, Me2 A,TP i Xxtendedl
BEGIN0
{ - Find a, SHE, Apogee and perigee velocities of transfer orbit )
A zm (Rl+R2) / 2.0;

Vtl :~SORT( 2.0*( (Not/al) + Mo~t ) )
Vt2 :~SORT( 2.0*( (Nut/R2) + Mo~t ) )

( --- Find circular velocities of launch and target planet
Vcsl:= SORT( Nut/Ri )I
Vcs2s= SQRT( Nut/R2 )i

[ ---- Find delta velocities for Hohuann transfer portion ---
DeltaVl:= ABS( Vtl - Vcul )I
DeltaV2s= AWN1 Vcx2 - Vt2 )I

( - Find 8)43 and burnout/isipact vel of launch / target planets-
5141 s Deltavl*DeltaVl / 2.01
5)432 :~Deltav25DeltaV2 / 2.01
Vbo :~SORT( 2.O'( (Nul/Rbo) + 8131 )
Vrgtro:= SQR?( 2.0*( (NU2/Rimpact) + 8M42 )

(I IF Show = Y THBM
(I BEGIN
(I TPt= Pi*SQRT( a*a*a/Nut )I ( Transfer Period in sacs
(I Writ*Ln( Transfer Period m %,TP/3.153630700:3, yrs or 1,TP/86400.0:83,1
(I Writelng
(I WritaLn( 'Vos ku/s':19,vcsl:g:4,' ':lO,vcs2s9t4)i

0I WriteLn( IVt k*/s0:19,vtls9s4,' 'sl~pvt2s9t4 )I
(I Wrlt*Ln( '8M4 k2/s2a19e81U1:9t4,' '#8H~ts9:3,8HE2s9t4 )l

ENMI Procedure Interplanetary
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PROCEDURE RBXNTRY

This procedure calculates various reentry parameters using the
Allen & Xggars approximations.

Algorithm : Find the answer

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 14 Apr 1989

Inputs
Vre - Reentry Velocity rn/$
PhiRa - Reentry Flight Path Angle rad
BC - Ballistic Coefficient kg/m2
h - Altitude km

Outputs :
V - Velocity km/s
Decl - Decleration gis
MaxDecl - Maximum Decleration go$

Locals
gray - Temporary variable to hold Weight component
Rho - Atmospheric density kg/m3

Constants
ScaleHt - Scale height used to exponentially model atmosp 1.0/7.315

Coupling
None.

References t
None.

----------------- ----------- ---- - -------- ---

PROCEDURE Reentry ( Vre,PhiRo,BC,h s Extendedl
VAR VDeclNaxDecl i Extonded )I

VAR
ScaleHt,grav,Rho : Extended;

BEGIN
Scaleftiz 1.0/7.315;

Rhoa= 1.225*EXP( -ScaleHt*h )I
V tz Vre * XXP( (1000.0*Rho) / (2.0*BC*ScaleHt*Sin(PhiRe)) )I
grav = 9.80*Sin(PhIRe)i
Decl:s ((-0.5*Rho*V*V) / BC ) + grav
Decl:= Decl/9.80

HaxDecl:= (-O.S*ScaleHt*Vre Vre*Sin(Phire)) / (9.80*XP(1.0))l
MaxDecltx MaxDecl/9.80;

END; { Procedure Reentry I

-
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I PROCEMR HILIR

This procedure calculates various position information for Hills equations.0
INotice the XYZ system used has Y Colinear with Target Position vector,
I Z normal to target orbitplane, and x In direction of velocity.

IAlgorithm s Find the answer

IAuthor s Capt Dave Vallado USAPA/DFAS 719-472-4109 8 may 1909

IInputs
I R -Initial Position vector of INT DU
I V -initial Velocity Vector of in! DU I vi
I Alt - Altitude of TMT satellite DU
I T - Desired Tim vi

Ioutputs
I Rl - final Position vector of lin DUi
I Vi - Final Velocity Vector of inT Dii TU

ILocals

IConstants t

Icoupling
I None.

IReferences
I Kaplan pg 108 -115

----------------------------------------------------------------- )

PROCEDURE HillsR (r,v I Vector;
Alt't i xtendedl

VAR Rl,VI Vector )I

VAR
S~nNt,CosNt,Omegarnt#RadIus t Kxtendedl

BEGIN
(-------------- Initialize the orbit elent-------------
Radiust= 1.0 + Alti
Qmigatz SQRT( 1.0 / Radius )I
nt I= Omga'tg
Coautiz Cox( nt )I
Sinuttz Sin( nt )

-------------- Determine new positions -------------- I
Rl(l)s= 2 2.0V(23/omega ) * Coon +

C(i. *V(l1/0mega) + 6.0*R(2]) *Slnat +

312: RV[ 2 .0ga)*(1Oea) Si* Co-

(2.0*V(l)/Omega) + 4.0*R(21 )I
R ixRj31*Coa~t + (VC3j/Deega)*8inut,

--------- Determine new velocities - -- --

Vl[231: 0.01

ENDi ( Procedure HillsR)



PROCEDURE HILLSV

This procedure calculates initial velocity for Hills equations.
Notice the XYZ system used has Y Colinear with Target Position vector,

IZ normal to target orbit plane, and x in direction of velocity.

IAlgorithm s Check for a divide by zero, then
I Find the answer

IAuthor : Capt Dave Vallado USAFA/DFAS 719-472-4109 8 Kay 1989

iInputs
I R - Initial Position vector of INT DU
I Alt - Altitude of TGT satellite DU1
I T - Desired Time TU

Ioutputs
I V -Initial Velocity Vector of INT DUi TU

ILocals

Iconstants 3

ICoupling
I Non*.

IReferences t
I Kaplan pg 108 - 115

----- --------------------------------- ------------- --------------------------- I

PROCEDURE HillsV (r : Vector p
Alt,t : 3xtendedl
VAR V a Vector )

VAR
Numor,Deno.,SinNt,CosNt,Omega,nt,Radius a Exctended;

BEGIN
(-------------- Initialize the orbit elawts ------------ )
Radiusix 1.0 + Alt;
Omegaix SQRT( 1.0 / Radius )I
nt In Omagaft;
CooNtia Cos( nt )I
SinNtsm Sin( nt )I

({------------- Determine Initial Velocity -- ---

Humer:= ( (6.0*r(21*(nt-SI~nT)-rll) )Coga*Sinnt-2.0*Omega*r[21*

Denoman (4.0*Sinnt-3.0*nt)*Sinnt + 4.O'( 1.0-Cos~t ) 1 .0-Cosmt )I

IF ADS( Denom ) > 0.000001 TEM
Vlllt' Numer / Denom

ELSE
V(11:= 0.01

IF ABS( Sin~lt ) > 0.000001 THI
V(2Ian -c mega*r(2*(4.0-3.0*Cont)2.0*(l.0-Cosnt)*vl] )

SInNt)
ELSE

V(2],= 0.0;
V(3): 0.0i

END; ( Procedure HIllsV
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PROCEDURE TARGET

This procedure accomplishes the targeting problem using KEPLER and GAUSS.

Algorithm s Propogate the target forward
Find the intercept trajectory
Calculate the change in velocity required

Author : Capt Dave Vallado USAYA/DFAS 719-472-4109 8 Jun 1990

Inputs S
RInt - Initial Position vector of Interceptor DU
VInt - Initial Velocity vector of Interceptor DU/TU
RTgt - Initial Position vector of Target DU
VTgt - Initial Velocity vector of Target DU/TU
dm - Direction of notion for Gauss OLD,$W
TOF - Time of flight to the intercept TU

Outputs I
Vlt - Initial Transfer Velocity vector DU/TU
V2t - Final Transfer Velocity vector DU/TU
DVl - Initial Change Velocity vector DU/TU
DV2 - Final Change Velocity vector DU/TU

Direc - Direction of transfer,lu le or gt Pi OL*,IS'

Locals 3
TransNormal - Cross product result of transfer orbit DU
IntHormal - Cross product result of interceptor orbit DU
RlTgt - Position vector after TO? of Target DU
VlTgt - Velocity vector after TOF of Target DU/TU
RIRT - Rlnt(4) * RlTgt(4)
CosDeltaNu - Cosine of Deltafu rad
SinDeltaNu - Sine of DeltNu rad
DeltaNu - Deltafu, angle between position vectors rad

Constants a
Non*

Coupling
CROSS Cross product of two vectors
KEPLER Find R and V at future time
GAUSS Find velocity vectors at each end of transfer
LNCOH2 Linear coebination of two vectors and constants
DOT DOT product of two vectors

References
None.

-------------------------------------- - ------------------

PROCEDURE TARGET ( RlntVIntRTgtVTgt t Vectori
Dm i CHAR;
TOF : Extended;
VAR VltV2t,DV1,DV2 : Vector )I

VAR
Int~ormal, TransNormal, RlTgt, VlTgt i Vectorl
Temp., RIRT, CosDeltaNu, 8inDeltaNu, DoltaNu i EXTENDED;

BEGIN
( --------- Propogate target forward by TO?----------------
KEPLER( RTgt,VTgt,TOF, RITgt,VlTgt )l

-- Calculate transfer orbit between r's------------
GAUSS( RInt,RlTgt,dm,TOF, Vlt,V2t )I

LNCOH2( -1.0, l.0,VInt, Vlt, DVI )

LNCOH2( 1.0,-l.0,VlTgt,V2t, DV2 )j

IF Vlt141 < 0.00001 THEN
DV1[4]: = 100.01

END; ( Procedure Target )
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PROCEDURZ PIEPLEP

IThis procedure propagates a satellite's position and velocity vector over
I a given time period accounting for perturbations caused by J2. The
Isatellite's original position and velocity vectors are inputed together
Iwith the time the elements are to be propagated for. The updated position
I and velocity vectors are then output.

IAlgorithm t Find the value of the perturbations
Determine the type of orbit

I Update the appropriate parameters
I Find the new position and velocity vectors

IAuthor :Capt Dave Vallado USAPA/DFAS 719-472-4109 6 Jan 1990

i nputs t
R - original position vector DU

I V - original velocity vector DO/T)
I DeltaT - time for which orbital elements are to TO

IOutputs t
I RI - updated position vector DU
I Vl - updated velocity vector DO/TI)

ILocals
I P - Semi-paranter DU
I A - Memimajor axis DU
I E - eccentricity
I Inc - inclination rad
I Arqp - argument of perlapsis red
I ArgpDot - change in argument of perisais rad/TO
I omega - longitude of the ascending node red
I OmegaDot - change in omega rad

to3 - eccentric anomaly red
a l - eccentric anomaly red
M - mean anomaly rad/TU

I Dot - change In mean anomaly rad/TU
I UO - argument of latitude red
I UDot - change in argument of latitude rad/TU
I Lo, - true longitude of vehicle rad

M~ot - change In the true longitude red/TVI CapPio - longitude of periapsis rad
I CapPioDot - longitude of periapsis change red/TO
I N - mean angular motion rad/TU
I NUo - true anomaly red
I J2oP2 - J2 over p sojared
I Sinv,Coav - Sine and Cosine of Mu

Iconstants a
I Pi-
I TwoPi -
J 2 - J2 constant from the Barth's geopotential function

I small - Tolerance

ICoupling:
I ELORB - orbit Elements from position and Velocity vectors
I RANDV - Position and Velocity Vectors from orbit elements
I NewtonR - Newton Rhapson to find Mu. and Eccentric anomaly
I Real~od - Real MOD operation

IReferences t
I Escobel pg 369. Dot terms
I 51W pg

--------------------------------------------------- ------------------- I
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PROCEDURE PKepler (RoVo Vectorl
DeltaT : Extended;
VAR R,V t Vector )

CONST
TwoPi : Extended z 6.203185307179591
Pi : Extended = 3.1.4159265358979,
J2 : Extended =0.001082631
Small s Extended =0.000001i

VAR
PAI,IncOmegaArgpNuoNUoLo,CapPio,OmegaDot,3O,
ArgpDotNDotUDotLDotCapPiloot,NJ2oP2,NWar s Extendtdi
TypeOrbit s STR!NG(21;

BEGIN
ELORB( Ro,Vo,P,A,X,Inc,Omga,Argp,Nuo,N,Uo,Lo,CapPio);
n:= SQRT(1.O/CA*A*A));

( ----------- Find the value of J2 perturbations------------)
J2oP2!= (1.5*J2) / (p*p)l
H~art= n*( 1.0 + J2oP2*SQRT(1.O*e*)* (1.0 - l.5*Sin(Inc)*Sin(Inc)) )I
OmegaDot:= -J2oP2 *Cos(Inc) *r NBarl
ArgpDot:: J2oP2 *(2.0-2.5*Sin(Inc)*Sin(Inc)) * Nbar;
NDot :~NBarl

M Eot =-(4.0/3.0) * (1.0-8) * (NDotfNbar) Drag Terms)

-------- Determine type of orbit for later use---------( --- Elliptical, Parabolic, Hyperbolic Inclined ---
TypeOrbitt= 0911;

IF E < Small THEN
---------- Circular Equatorial-------------
IF ( Inc <Small ) or ( ABSCXnc-Pi) <'Small ) THEN

TypeOrbit:. 'Cal
ELSE
------------ Circular Inclined -------

TypeOrbittz ICII
ELSK

C-- Elliptical, Parabolic, Hyperbolic Equatorial -

IF ( Inc < Small ) or ( ABS(Inc-Pi) < Small ) THUN
Typedrbitiz ORlp

-- Update the orbital elements for each orbit type----
--------------- Elliptical-Inclined------------- -----

BEGIN

Omegas= Omega + OmegaDot *DeltATj
Omegai: RIAIJS)Owegas TwoPi),
Argp t= Argp +. Argp~ot * DeltaTj
Argp ::RILHOD(Argp, TwoPI)i
N4 N: + WOOT * DeltTp
N s= RMALOD(No TwoPi)j
NewtonR( *,m, eO#Muo )I

END;
---------------- Circular Inclined---------------------
IF Typ*Orbit a IC1' THIN
BEGIN

Omega:= Omega + OmegaDot * DeltaTp
Omegas= RM)4(Omega, TwoP1)p
UDot :z ArgpDot + H~ot;
Uo *Uo + UDot *DeltaTj

Uo :RLNOOW(Uo, TwoPi),

-------------- Elliptical - Equatorial ------------------
IF TypeOrbit ='EE' THEN

BEGIN
CapPiDotia OmegaDot + ArgpDot,
CapPlo s= CapPio +. CapPioot * DeltaT;
CapPlo := REALI400(CapPio, TwoP1)j
H H~ + HDOT * DeltaTj
H :~REAL)400(N, TwoPi)j
MewtonR( elm, eO,Nuo )I

--------------- Circular - Equatorial-------------------I
IF TypeOrbit z'CE' THEN

BEGIN
LDott= OmegaDot + ArgpDot + H~ot,
Lo ::Lo + LMot *DeltaT;
Lo :~REALHQO(Lo, T .OPIi

ENDI

----------- Use RANDV to find new vectors ---------------
RANDV( P,E,Inc,Oaega#Argp,Nuo,UoLo,CapPio, R,V )I

EzWD ( Procedure P~epler )
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PROCEDURE J2DRAGPERT

This procedure calculates the perturbations for the predict problem
Involving secular rates of change resulting from J2 and Drag only.

Algorithm ; Find the startup values
Calculate the dot terms

Author t Capt Dave Vallado UFAFA/DFAS 719-472-4109 14 Mar 1989

Inputs $
Inc - Inclination red
e - Eccentricity
N - Mean Motion rad/TU
NDot - Mean Motion rate rad / 2TU2

Outputs t
OmegaDot - Long of Aoc Node rate rad / TU
ArgpDot - Argument of perigee rate rad / TU
EDot - Eccentricity rate / TU

Locals
P - Semi-parameter DU
A - Semi-major axis DU

Constants
J2 J2 zonal harmonic

Coupling
POWXR Raise a base to a power

Retaxences I
Escobal pg. 369

O'Xeefe et rl., Astronomical J, Vol 64 n~a 7, pg. 247 for adot

------------------------------------------------------I

PROCEDURE J2DragPert ( Inc,,NWEot : Extended;
VAR OgaDOArgp0T#,D0T t Extended )I

CONST
J2 : Extended a 0.001092631

VAR
P,A,NSar a Extendedi

BEGIN
a s= Power( 1.0/n , 2.0/3.0 )1
p in a*(l.0-e'e)1
N~artz n*( 1.0l.5*j2*(SORT(l.0-e*e)/(p*p))*(1.0-l.S*Sin(inc)*Sin( nc) ))I

( ------------------ ind dot term ------- ---
OmegaDotiv -1.5'( J2/(p*p) ) * Cos(inc) * Nzarl
ArgpDot i= 1.5"( J2/(p*p) ) * (2.0-2.5*S1n(inc)*Sin(inc)) * Nbarl
EDot t= -(4.0/3.0) 1 (1.0-2) ' (NDot/Nbar)l

END ( Procedure J2DragPert ](
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PROCEDURE PREDICT

This procedure determines the azimuth and elevation for the viewing
of a staellite from a known ground site. Notice the Julian Date is left
in it's usual DAYS format since the dot terms are input as radians per
day, thus no extra need for conversion. The Julian Date also facilitates
finding the site position vector. Also observe RANDV is not used since
this would merely accomplish extra calculations. The iteration is left
out to allow the user to set up his own loop to look for sighting times.

Algorithm

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 11 Dec 1990

Inputs
JD - Julian Date of desired observation Day
JDEpoch - Julian date of epoch for satellite Day
NO - Epoch Mean motion rad/day
Ndot - Epcoh Half Mean Motion Rate rad/2day2
I o - Epoch Eccentricity
Edot - Epoch Eccentricity rate /day
Inco - Epoch Inclination rad
Omegao - Epoch Lon of Aso nods rad
Omegaot - Epoch Lon of Asc Node rate rad/day
Argpo - Epoch Argument of perigee rad
ArgpDot - Epoch Argument of perigee rate rad/day
No - Epoch Moan Anomaly rad
Lat - Geodetic Latitude of site rad
Lon - Longitude of site rad
Alt - Altitude of site DU

OutPuts
Rho - Range from site to satellite DU
Az - Azimuth rad
E - Elevation rad
RtAsc - Right ascension rad
Decl - Declination rad
Vis - Visibility 'Radar Sun', 'ye', 'Radar Nite', 'Not Visible'

Locals t
Variable o - denotes the epoch value, while no o is current
Dt - Change in time from Epoch to desired t day
A - Semi major axis DU
ED - Eccentric Anomaly rad
Nu - True Anomaly rad
LST - Local Sidereal Time red
CST - Greenwich Sidereal Time rad
Temp - Temporary Real value
SRtAsc - Suns Right ascension rad
SDecl - Suns Declination rad
Theta - Angle between IJK Sun and Satellite vocrad
Dist - Ppdculr distance of satellite from RSunDU
Small - ;olerance of small values
R - IJK Satellite vector DU
RS - IJK Site Vector DU
VS - Site Velocity vector DU/TU
RhoVec - Site to satellite vector in SRZ DU
TempVec - Temporary vector
RHOV - Site to satellite vector in 1JK DU
RSun - Sun vector AU
C - Temporary Vector

Constants
PI - 3.14159265358979
HalfPi - 1.37079632679490
TwoPI - 6.28318530717959
Rad - Degrees pe radian 57.29577951308230
TUDay - Days in oni, TU 0.00933809102919444
AUDU - DUo in I AU 23455.07

Coupling
SUN Position vector of Sun
HAG Magnitude of a vector
DOT Dot product of two vectors
CROSS Cross Product of two vectors
ROT1,ROT2,ROT3 Rotations about Ist, 2nd and 3rd axis
SITE Site Vector
LSTime Local Sidereal Tini
NewtonR Iterate to f'nd Eccentric Anomaly
ATAN2 Arc Tangent function which resolves quadrants

References
Escobal pg. 369

------------------------------------------------ -------- I
{
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PROCEDURE Predict JD,JDEpochno,Ndot,Eo,Edot,inco,

Omegao,OmegaDot,Argpo,ArgpDot,Mo: Extended;
LatLon,Alt : Extended
VAR Rho,Az,El,Rtasc,Decl : Extended;
VAR Vis 1: Strll )I

CONST :Etne .4525599
small Extended = 0.000001i
Pi E xtended = 3.141592653509791
HalfPi sExtended = 1.570796326794901

TWoPI Extended = 6.28310530717959;
Rad : Extended = 57.2957795130823;
TUDay : Extended = 0.00933809102919444;
AUDU : Extended = 23455.071

VAR
Dt,aE0,Nu,LST,GST,TempSRtAsc,SDecl,ThetaDiat,
N,M,E,Omega,Argp : Extendedl
Rpqw,R,RS,VS,RhoVec,TempVec,RhoV,RSun,C I Vectorl
I : Integer;

BEGIN
( --------------- Initialize values-----------------
Az 1= 0.01
El := 0.01
Rho t= 0.0;

S-----------Update elements to new time ----------
Dt J= 3D - JD~pochj
C t

=
00 + EDot*Dtj

Omega:= Omegao + OmegaDot*Dti
Argp := Argpo + ArgpDot*Dt;
M S= No + 1o4*Dt + NDot*Dt*Dtl
M := RealMOD( NTwoPi )I
N s= No + 2.0*NDot*Dti ( n is in rad/DAT , ndot is over 2)
N s= N * TUDayi i convert n to rad/TU}

( Newton Rhapson to find True Anomaly------------
NewtonR( e,M, E0,Nu );

-Form PQW position vector----------------
a:= POWER( 1.0/(N*N) , 1.0/3.0 )1

Rpqw(4):= ( a*(l.0-e*e) ) / (1.0 + e*Cos( Nu ) );
Rpqw[ll:= RpqW(4]*Cos( Nu )I
Rpqw[2]1= Rpqw(4)*Sin( Mu );
RpqW[3]t= 0.01

( ---------------------- Rotate to IK ------------------------

ROT3( Rpqw # -Argp , TempVec )I
ROTI( TempVec, -Inco , TempVec );
ROT3( TompVec, -Omega, R )I

LSTIKE( Lon,JD, Lst,Gst )i
SITE( Lat,Alt,Lst, RS,VS )I

( ------- Find IJK range vector from alto to satellite --------
FOR i:=l to 3 DO

RhoV(Ilt= Rill - RS[I];
RAG( RhoV )I
Rhot= RhoV(4];

( ------ Calculate Topocentric Rt Ac and Declination --------
Tempt= SQRT( RhoV[l)*RhoV(l1 + RhoVC2]*RhoV[2] )
IF ABS( RhoV(2] ) < Small THEN

IF Temp < Small TIN
BEGIN

RtAsc:= 999999.11
END
ELSE

IF RhoV[ll > 0.0 THIN
RtAsca= PI

ELSE
RtAsc:= 0.0

ELSE
RtAsc := ATAN2( RhoV[2]/Temp , RhoV(l]/Temp );

IF Tamp - Small THEN
Decl:= HalfPi ( Check for case of -90 dog * I

ELSE
Dacha ARCSIN( RhoV[33/RhoV(4] )I

------------------ Rotate to SEZ------------------------
ROT3( RhoV, LST , TeQMVeC )I
ROT2( TempVec,HalfPi-Lat, RhoVoc );
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( - Check visibility constraints -------
S ---------Is it above the Horison - -
IF RhoVec(3] > 0.0 THU

BEGIN -----Is the site in the light, or the dark?-----------

SUN( JDRSunSRtAsc,SDecl )I
LNCOMI( AUDURSun# RSun )l
IF DOT( RSun, RS ) > 0.0 THIN

Visit 'Radar Sun
ELSE
BEGIN

{--------Is the satellite in the shadow or not?-----------
CROSS( RSun, R, C )I
Theta:= ArcSlin( CE43/ (RSun[4]*Rt4l) )I
Dists= RC4]*CO6( Theta - Halfpi )i
IF Dist > 1.0 THIN

Vis:= 'Bye
ELSE
Visit 'Radar Hite it

END;
END
ELSE
Visit 'Not Visible';

{---------- Calculate Azimuth und Elevation--------------
Temp:= SQRT( RhoVecjlI*hoVecjl] + RboVec[2]*RhoVec(2] ),
IF ABS( RhoVec(21 ) < Sall THEN

IF Temp < Small TI
BEGIN

Write( ^G )i
Al:t 999999.11

END
ELSE
I1 RhoVec(l1 > 0.0 THIN

Aztz Pi
ELSE
Al z 0.0

ELSE
Alt: ATAN2( RhoVec[2l/Temp , -RhoVecl]/Temp )I

IF ( Tamp < Small ) THI1H

ELSE

Eli= ArcSin( RhoVec[31/Rho );

------.Calculate Geocentric Rt Asc and Declination
Tempt= SQRT( R[]*Rl) + R(21*R[2J ),
IF ABS( R(2] ) < Small THIN

IF Temp < Small TIN
BEGIN

Write( ^G )I
RtAsct= 999999.lj

END
ELSE
IF R[I] > 0.0 THIN

RtAsci= Pi
ELSE

RtAscsx 0.0
ELSE
RtAsci: ATAN2( R[2]/Temp # Rill/Ten )I

IF ( Teamp < Small ) THUN
Decl= HalfPi

ELSE
Decl:= ARCSIN( R(3]/R(4] )'

END; ( Procedure Predict }

-m
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PROCZD!JU DERIV

IThis procedure calculates the derivative of the two-body state vector for
I use with the Runge-Kutta algorithm.

IAlgorithm i rind the answer

IAuthor t Capt Dave Vallado USANA/DFAs 719-472-4109 28 Aug 1989

IInputs t
I ITime - Time TU
I X - state Vector DUJ, DLJ/!U

Ioutputs
M Xot -Derivative of State Vqctor DAJ/TU, DU/TU2

ILocal$
I RCabed -Cube of R

Constants I

Icoupling
I None.

IReferences I
None.

PROCEDURE Deny ( ITIme i Extendedl
X a Matrixj
VAR M~ot I matrix )I

VAR
R,RCubed : Extended,

BEGIN
R:= SORT( SQR(GetVal(Xll,)) +- SQR(GetVal(X#2,1)) + SOR(GetVal(X,3,1)) )I
RCubedaz R*R*Ri

( ----------------- Velocity Terms ------------ ---- )
AssignVal( XDottllpGetVal(X,4#l) )I
AssignVal( XDot,2,1,GetVal(X,501) )I
AssignVal( XDot,3,l,GitVal(X,6,I) )I

({--------------- Acceleration Ters -- ------------- )
AssignVal( XDot,4,1,-GetVal(X,ltl) / CubeC )
AssignVal( XDot,5,l,-GstVal(X,2,l) /RCubed )
AssignVal( XDot,6,1#-GetVal(X,3,1) / Cubed )

END; ( Procedure Denyiv
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PROCIDURE PERTACCUL

This procedure calculates the actual value of the perturbing acceleration.

Algorithm z Setup temporary values
Use a case statement to select which perturbations are added
Note each perturbation adds on to the previous result

Author : Capt Dave Vallado USAIA/DrAS 719-472-4109 20 Sep 1990

Inputs
R - Radius vector DU

V - Velocity vector DU/TU

Time - Initial time TU

WhichOne - Which perturbation to calculate 1 2 3 4 5 ...
BC - Ballistic Coefficient kg/m2

Outputs
APart - zirturbing acceleration DU/TU2

Locals
rs2 - Sun radius vector **2
rs3 - Sun radius vector **3
rm2 - Moon radius vector **2
irm3 - Noon radius vector **3
r32 - "a component of Radius vector **2
r33 - 020 component of Radius vector **3
r34 - "s' oomponvat of Radius vector **4
r2 - Ridius vectnr **2
r3 - Radius vector **3
r4 - Radius vector **4
r5 - RadiUlVeCtor **5
r7 - Radius vector **7
Beta -

Tamp - Temporary Real Value
rho - Atwosphric Density
Va - Relative Velocity Vector DU / TU
RSun - Radius Vector to Sun AU

MSoon - Radius Vector to Noon DU

RtAsc - Right Ascension deg
Decl - Declination deg
i - index

Constants
J2 0.00108263

J3 - -0.00000254
J4 - -0.00000161

GMS - Sun Gravitational Parameter DU3/TU2 332952.9364
GHN - Moon Gravitational Parameter DU3/TU2 0.01229997
OmegaEarth - Angular rotation of Earth (Rad/TU) 0.0588335906868878
TUDay - Days in one TU 0.00933809102919444

Coupling
HAG Magnitude of a vector
Sun Sun vector
Moon Moon vector

References S
None.

--- - - ----------- ...---------------------------- ----- - - ----
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PROCEDURE PortACCe3. ( ,V s Vector;
Ifi.. s Extended;
WhichOne a Integer,
BC : Extended;
VAR AP&Vt sVector

CONST
Omegalarth s Extended = .058833590686887861
TUDay : Extended =O.009338091029194441

VAR
J2,j3,J4,gaa,gm,rs2, rm2,ru3,ru3,r32,r33,r34,r2,r3,r4,r5,r7,
Beta,Temp,rhoosrtascosdecl,aztascomdecl" U 3XY DI
Va,RSun,i~oon 8 'JUCYOI;
I I INTEGER;

BEGIN
I4AG( R
H4AG( V )

R2t= r[41*r(4)i
R3t= R2*rC4J,
M=a R2'12;
R5%= R2*R3,

R32t= r[(A*r(3)p
R33:= R32*rC31,
R34:z R32*R32i

C3WhichOne or
---------------- J2 Acceleration ----------------- I
1 a BEGIN

J~s= 0.00108263s
APertil~a ( (-l.5*j2*r(1)) / R5 ) * ( 1.0-(5.06032) / R2 )I
APert(2)t= ( (-1.S*j2'rL2I) / 15 ) * ( Ld-(S.O*132) / R2 )I
APert(3]tx ( (-l.5*j2*r(3]) / 15 ) * ( i.0-(5.0*132) / R2 )I
HAG( APart )I

8NDi

-----------------3J3 Acceleration ---------------------I
2 s BEGIN

3sm -0.00000250p
APert(ll:= ( (-2.S*33*rll)) / 17 ) * ((3.0*rt3j)-(7.0'133) / R2 )
APert[2hz= ( (-2.5*j3*rC2I) / R7 ) * ((3.O-rC31)-C7.O'133) / 12 )
IF ADS( 4[3) ) > 0.0000001 / m())

APert(31:m ( (-2.5*J3*r(31) / R7 )*(f6.O*r[3I)-((3.O*R33)

APert[313= 0.01
HAG( APert )I

WWIp

-----------------3J4 Acceleration --------- I
3 t BEGIN

J4t= -0.000001611
APertillt= ( C-l.S75*J4*r[1I) /R7 ) * (1.0-((14.O'132)/R2)+

((21.0*R34) / 14 ))j
APert(2]i= ( (-l.S75*J4*rj2J) R 7 ) * (1.0-((14.0*R32)/R2)+

((21.0*134) / 14 ));
APert(3Ja ( (-l.S75*J4*rC3j) R 7 ) * (5.0-((70.0'R32)/(3.0*R2))+

((21.0*134) / R4 ))I
H4AG( APert )I

ED;

---------------- Sun Acceleration---------- ---------
4 s BEGIN

GI4S:= 3.3295293641051
ITimes= ITiaae * TUDay;
SUN( ITime,RSun,SRtAsc,SDc1 )I
FOR i:= 1 to 4 DO

RSunjiltz RSun(1il23455.07003; Chg AU'S to DUD I

RS2:= RSun[4]'RSun(43j
R83t= RS2'R~unL411
APert(11:= (-GWS/183)

Cr(11-3.O*RSun(ll*
((r(11*R8unC11+r[23'RSun(21+rt31*RSun(3]) / RS2));

APert(21h= (- GNS /183) *
(r(21-3.0*R8un[21*

((rtlI*lSauatl]4r(2)*R~un[2)+rC31*RSunC31) / 152)),
APart(3)s= (- GUS/RS3) *

(rC31-3.0*ISuaaj3)*
((rC1)*R8un(1I+r[2I*R~unI2i~r(33*RSun[3)) / 182)),

H4AG( APOrt )
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--- -- --- -- Ioon Acceleration --- ---- -- ---
5 sBEGIN

GM:= 0.01229997;
z'rimes=- IMie * !TJDay;
MOON( I~iu,UGOwf,HRtAc,NDcl )I
RN2:= Rtjoon[4)*3J4oD[43D
RN3:= RN2*1U400f(4]i
APrtll]:Z (- OHM/3N3)

(rilI-3.0*RNonllj*
((rl]*RMoofl(ll+r(i1*RWoofl~ll+r(3]*Roofl[

33 ) / RM2))j
APert(21:= (-GHN/RMB) *

(rt2l-3.0*RU4oofl(21*
((r[l)*RMoonfll+rr2I*RNOwf(2+r3*mool[

3 1) / Ri42))j
APert(31s= (-GHN/RM3) *

Cr[31-3.0*Roofl(3]*
((rtlI*R~oontl+r3*Rooflr3]+r3*RU~oon(3J) / RH2))i

H4AG( APart )I
ENDI

------ --- Drag Acceleratio-------------------------
6 sBEGIN

VaCl):m V(13 + (Omegalarth*r(21), { DU/TU

Va[2J:= V[2) - (Omegalarthertll),j

VAG( Va ) i

ATHOS( R, Rho )I

Tecapg= -1000.0 * Va[4l * 0.S*Rho* ( 1.0/DC )*6378137.01

APert(21h TwV*Va(211
APert(3J:= reW*V&(31,
HAG( APert )

---------- ----- Solar Acceleration ----------
7 : BEGIN

ITim*:= UiMe * TtJDayj
SUN( ITIO,#RSun#3RtAsc,SD*cI )
FOR i:= 1 to 4 DO

RSun(ilix Rguntll*23455.070031 (chg hU's to DUe I

APert(41s3 (4.743C-06*(l.04Deta))/CDC'9.607)I

APertilsx (-AP~rt(41*RSufljl))/RuflC4j1
APert[21:= (-APert(43'RSufl(23)/R~unfl431
APertC31:= (-APsrt[4]*Run[3))/R~u14);

ENDI
ENDI ( Casel

ENDi { Procedure PertAccel

A-76



I

PROCEDURE PD3RIV

This procedure calculates the derivative of the state vector for use with
the Runge-Kutta algorithm. The DerivType string is used to determine
which perturbation equations are used.

Algorithm s Assign values
Check each value of Derivtype and if a perturbation is needed

Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 20 Sep 1990

Inputs I
Time - Time TU
X - State Vector DU , DU/TU
DeryvType - String containing TN for incl perts OYYNYMO
BC - Ballistic Coefficient, kg/&2

Outputs
XDot - Derivative of State Vector DU\TU, DU\TU2

Locals
RCubed - Cube of X(4)

Constants
None.

Coupling
None.

Referances 9
None.

----------------------------------------- ----------- ------------------------

-

0

0
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PROCEDURE Pfleriv (X : Matrixi
ITime : Extended;
DerivType : StrlO;
9C : Extended;
VAR Xhat : matrix )I

RCubed i Extendedi
RO,Vo,APert,To~Prt: Vector;
is INTEGER;

BEGIN
TOR i:I to 3DO

BEGIN
APert[iJ:= 0.01

END;
HAG( Ro )
HAG( Va )
APert[4]:= 0.0;

RCubed:= Ro[43*RoC4I'101411

{ ----------------- Velocity Terms -----------
AssignVal( XDotjl,l, GetVal(X,401) )
AssignVal( IDot,2#l, GetVal(X,5,I) )
AssignVal( XDot,3#l, GetVal(XI6,l) )

(----------- - -- Acceleration Terms ---------------- I
IF DerivTypelI x IYC TIM

PertAccel( Ro,Vo,ITim*,l#SC, APert )I
IF Doriv~yp*121 =y IYImT

BEGIN
Perthccel( Ro,Vo,ITie,2,3C, TompPert )i
AddVec( Templert,AP.Irt,APirt )

ENDi
IF DeriVTypeI3) w IT THIN
BEGIN

PertAcchl( RotVo,ITim*,3#BC, Temp~rt )?
AddVec( Tempert,Alert,APert )I

END;
IF DorivType[41 =. IYI THE

BEGIN
PortAccel( Ro,VogITime,4,bC, TempPert )I
AddVec( TompPert,APert,Alert )I

END;
IF OerivTyp*15) z T THEM
BEG IN

PertAccelC RO#Vo*ITIme,5,BC, TempPert )
AddVec( TempPert,APert,APert )I

END;
IF DeriVTyp*(6) eyeT THEM
BEGIN

PertAccelC RoVo#1Tiae,6,DC, TempPert )I
AddVac( T~mpPert,Alert,APert )

ENDI
IF Derivypeffl = IT THIN

BEGIN
PartkccelC Ro,Vo,1TiMe,7,DC, TempPert )I
AddVec( TempPert,APert,APert )

END;

AssignVal( XDot,4,l,(-G~tV&1CX,,) / RCubed) + APert(l] )I
AssignVal( XDot,5,I,(-GetV&l(X,2,I) / RCuibed) + APert(21 );
AssignValC X~ot,6,1,(-G"tVal(X,3,1) / RCubed) + APert(3) )i

END; { Procedure PDeriv
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PROCEDURE RK44 0 I This procedure is a fourth order Runge-Xutta integrator for an
IN-dimensional First Order differential equation. The user must provide
Ian external subroutine containing the system Equations of Notion. Notice
Itime is included since some applications may need this. The LAST position
I in DenyvType is a flag for two-body motion. Two-Body motion is used if
Ithe 10th element is set to 12, otherwise the Tem and No values determine
I which perturbations to use.

IAlgorithm s Evaluate each term depending on the derivtype
Find the final answer

IAuthor t Capt Dave Vallado USAFA/DVAS 719-472-4109 20 Sep 1990

iniiapTmets
I ITIMe nta ieT
I DT - step sixe TU
I N - Dimension of the state
I DKRIVTYPE - Which perturbations to use

B C - Ballistic Coefficient kg/m2
I X - State vector at Initial time DUI DU/TU

Ioutputs I
X - State vector at now time DU# DU/TU

ILocales
I XDot - Derivative of State Vector
I Time - Time TU
I K - Storage
I TRWP - Storage
I- 3Index

I TempTime - Tempoary time storage TU

Iconstants
I None.

Icoupling I
I Denyv Procedure for Derivatives of 3.0.14.40IReferences I
IJames, et al, "Applied Mum Methods" pg. 461-4f6, eqtn pg. 463.

BM51W pg. 414-415

-- - - - - - -- - - - -- - - -- -- - - - - - -- - - -- - - - - -
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PROCEDURE RK4 (ITIme i Xxtendedi
DT s Extended;

N 3 Integerl
Do: ivType : StrlO;
DC t Extended;
VAR X : Matrix )

VAR
XDot, Temp I matrix;
Time,TeapTiae : Extendedo
K I Matrix$
J a Integer;

BEGIN
( -------------- Initialixe XDot --- ---------

Initxatrix( 10,3,X )I
InitMatrix( 6,1,Tomp )j
Init~atrix( 6,I,XDot )I

IF' tDrivTypo[103 = '2' TN3I
DERIV( WiTI,Xf XDot)

ELSE,
PDeriv( X,ITim.,DsrivTyp.,DC, XDot )I

TempTimes= ITIms;

(------------ Evaluate lot Taylor Series Term---------------I
FOR j:= 1 to N DO

BEGIN
AssignVal( 1, J,1, Dt * GetVal( XDotp,l) )I
PAusignVal( Tep,J,1, G-etVal( X,J,l) + 0.5*GetVal(K,Jp1) )

ENDI

Times:= itime + Dt/2.Oy

IF DorivType(1ol ' 2' THEN
DERIV( Time,Tomp, XDot)

ELSE
PDoriv( Temp,Tims,DerivType,3C, Xbot )I

------------ Evaluate 2nd Taylor fsriom Term-----------
FOR jt= 1 to N DO

BEGIN
AssignVal( K*J#2#Dt * GetVal( Xmt,31l) )I

ENDI

IF DerivTypo(l01 ' 2' THEM
DKRIV( Time,Tomps X~ot)

ELSE
PD.: iv( Temp,TimotDerivType,BC, XDot )I

------------ Evaluate 3rd Taylor Series Term---------------I
FOR j: I to N DO

BEGIN
AssignVal( KJ33Dt * GetVal( XDot#J,3.)
AssignVal( Tempt3,l, GetV&IC X,J,l) + GetVal(K#J#3) )I

END;

TempTim:z Temptime + Dt;

IF DerivType(lO) z 12' THUN
DZRIV( TempTlme,Tomp, XDot)

ELSE
"'Doriv( TempTeampTiu,DrivType,BC, XDot )I

(- ----------- Update the State vector - ---------- )
FOR jt= I to N DO

AssignVal( X,J.3.,GetValC XJ'l) +
( GetVal(K,J,l) +. 2.0*( GetVal(X,J#2)+GetVal(K,J,3) +
DtkGetVal( XDot,J,l) )/6.0 )1

DelI~atrix( K )I
Delkatrix( Temp )I
Del~atrlx( )(Dot );

END; ( Procedure RJK4
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I PROCEDURZ ATHOS

This procedure finds the atmospheric density at an altitude above an
oblate earth given the position vector in the Geocentric Equatorial
frame. The position vector is in DU's and the density Is In ga/cm**3.

Algorithm s Find initial values
Loop to find the latitudes
Calculate the density through a cascading If statement

Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

Inputs
R - GC Position vector DU

Outputs
Rho - Density kg/m**3

Locals
Rc - Range of site v.r.t. earth center DU
Height - Height above earth w.r.t. site DU
Alt - Altitude above earth w.r.t. site km
OldDelta - Previous value of DeltaLat red
DeltaLat - Diff between Delta and Geocentric let red
GeoDtLat - Geodetic Latitude -Pi/2 to PI/2 rad
GeoCnLat - Geocentric Latitude -Pi/2 to Pi/2 red
TwoFHinusF2 - 2*F - F squared
OneMinusF2 - ( I - F ) squared
Delta - Declination angle of R in 1JX system rad
Tamp - Diff between Geocentric/Geodetic let rad
RSqrd - magnitude squared
SinTemp - Sine of Tesp

RhoNom - Nominal density at particular aIt gm/cm**3
H - Scale Height km
I - index

Constants
PI - 3.14159265358979

I Flat - Flatenning of the Earth 0.003352810664747352
Rgarthm - Barth equatorial radius 6378.137

Coupling
HAG magnitude of a vector

References
I scobal pg. 398-399 ( Conversion to Lat and Height

I----------------------------------------------------------------)
(
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PROCEDURE ATHOS ( R t Vectorl

VAR Rho : Extended ),
CONST

Pi : Extended = 3.141592653591
Flat: Extended = 0.0033528106647473521VAR
RC, Height, OldDelta, DeltaLat, GeoDtLat, Two1MlnusF2, SinTemp,
OnehinusF2, Delta, RSqrd, Temp, GeoCnLat, h, Alt, RhoNom : Extendedl
1i : Integerl

BEGIN
{------------------ Initialize values -------------------
MAG( R );
TwoFMinusF2,= 2.0*rlat - Flat*Flati
OneinusF2 := POWE( 1.0-Plat,2.0 )I

( ------------- Set up initial latitude value--------------
Deltat: ArcTan( R[3] / SQRT( R[lJ*R[l3 + R(21*R[2] ) )1
IF ABS( Delta ) > Pi THIN

Delta:= RealMOD( Delta,Pi )I
GeoCnLats= Delta;
OldDeltat: 1.01
DeltaLatt= 10.0;
RSqrd tm R(4]*R(41

- Iterate to find Geocentric and Geodetic Latitude ------
i:= 1;
WHILE ( ABS( OldDelta - DeltaLat ) > 0.00001 ) and ( i < 10 ) DO

BEGIN
OldDelta:= DeltaLat;
Rc t: SQRT( ( 1.0-TwolMinusl2 ) /

1.0-TwoFlinuuF2*COS(GeoCnLat)*COS(GeoCnLat)) );
GeoDtLatt= ArcTan( TAN(GeoCnLat) / OneMinusF2 );
Temp := GeoDtLat-GeoCnLat;
SinTempi= SIN( Tem )I
Height := SORT( RSqrd-lc*Rc'SinTemp*SinTemp ) -Rc*COS(Temp)j
DeltaLat:= ARCSIN( Height*SinTemp / R14] )I
GeoCnLat:= Delta - DeltaLat;
INC( I )I

END; ( While

IF i >= 10 THEN
WriteLn( 'IJKtoLatLon did NOT converge '

0
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ALTt, Height*6378.1371

O-- ... ---- Determine density based on altitude --------
IF Alt Yx 800 THEN
BEGZN
H t= 130.8;
RHONOs: 4.2628-171
RHO in IHIONON*EXP((S00.0-ALT)/H),

ELSE
IF Alt >= 700 THEN

BEGIN
H iz 105.31
RIHO0W= 1.2163-161
RHO inO NOK*IXP ((700.0-ALT)/H)i

END
BLOB
IF Alt >= 600 THEN
RZOTh
H 1= 91.01
RNHONO4 = 3.8183-161
RHO in IHONO*XP((600.0-ALT)/H),

BB
IF Alt >% 500 THEN
BEGIN
N := 81.91
RHON sU 1.3161-151
RHO 3z RHOWONK*X((500.0-ALT)/H)j
ESE

IF Alt >= 400 TIN
BEGIN I
H :u 73.2;
RWOHON:O 5.1929-151
RHO i: RHOM*0aWX((400.0-ALT)/H),

END
ELSE

IF Alt >= 300 THEM
BEGIN

H in 61.21
, RHONOW:- 2.653E-141

RHO :- JHOMOMN*'3X((300.0-ALT)/H),
END
BLSB
zr Alt >x 250 TH
BEG IN

H = 52.61
RHONO in 7.3161-141
RHO in RHOWO*iXP((250.0-ALT)/H),

END
ELSE
IF Alt >2 200 "M
BEGIN
H 1= 40.81
RHIOWN:- 2.7061-131
RHO i 3iRIOK'ELP ((200.0-ALT)/H),

ELSE
IF Alt >= 150 THU

BE GIN
H I" 24.11
RUOMONim 2.1412-121
RHO in RHOOM*'XP((150.0-ALT)/H)1

END

ELSE
IF Alt >= 130 THEN
BRGIN

H sa 16.1;
RHOHNOzi 8.4843-12;
RHO o= RHOWOK*IIXP((130.0-ALT)/H)i

END
ELSE
BEGIN
H :z 0.061
RHOMO:I 9.6619-111
RHO i RHONOW*EP((110.0-ALT)/H)

END;

ENDI ( Procedure AtMos I
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PROCEDURE CiZBY

This procedure calculates a CHEBYCHWV expansion for the atmosphere.
Given an altitude above the Earth's surface, it will find the pressure and
density at that altitude using a Chebyshev polynomial. Calculations are
accomplished in metric units, and the final answers are converted to
English units, as described below.
The model is only valid from 0 to 200 ka (656,000 ft) altitude.

Algorithm s Convert the altitude to km
Assign the pressure coeff based on altitude
Calculate the pressure
Assign the density coeff based on altitude
Calculate the donisty
Convert to EIGLISH units

Author i C2C Gandhi USAFA 719-472-4109 28 Nov 1988
Capt Dave Vallado USAYA/DFAS 719-472-4109 28 Aug 1990

Inputs
Alt - Altitude above earth's surface, ft

Outputs
PAit - Pressure at altitude lbf/in**2
RhoAlt - Density at altitude lbm/ft**3

Locals

Constants
None.

Coupling
None.

References a
None.

---------------------------------- ---------------------

PROCFDURE CHEBY ( ALT : Extended;
VAR PALT,RHOALT 4 Extended )I

VAR
Z, Z1, Sum, P0 , X, Nu, Part, LnR, R, RhoO i Extendedl
C,A t ARRAYt[..153 of Extended
k a INTBG&Ri

BEGIN
-------------- Convert altitude to kilometers --------------

Z := Alt * 0.0003046;
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IF Z <= 80.0 THEN
BEGIN

------ Chebychev model for altitudes of 80 km or less ..... }
Define initial and zero altitude pressure constants

SUN = 0.0;Zi : 80.0;
P0O : 101325.01

---- .... Define the pressure ratio coefficients ------
All) am -11.385925;
AM2 t= -5.68370111
A[3] ;= 0.052666476;
A4 := -0.0778842941
A1 := -0.11004083p
A[61 i= 0.0175723391
A7] = 0.0048546337;
A[8] := 0.0017694e051
A[9] i= -0.00101852981
A[101 := -0.00266350861
A1111 2 0.0035685433;
A[121 ;= -0.000822575171
A[131 t= -0.00103636831
A114] 0.000570534771
A1151 2= -0,000190230781

END

ELSE
BEGIN
------- Chebychev model for altitudes of 80 to 200 ka -------
--- Define initial and zero altitude pressure constants -----

SUM $=  0.0;
Zl I=  200.0;
P0 t= 101325.01

------------- Define the pressure ratio coefficients --------
A[ll : -24.475069;
A(21 := -10.6858611
A33 t= 2.26226051
A4 2 0.634333981
A(M) 2 -0.27948959;
A6] t -0.315485741
A71 = 0.090751361$
A8] : 0.18530467;
A[9] s= -0.0953250431
A110] i= -0.0502143091
A1111 i= 0.0451013781

12) s= 0.0088997472;
A113] sm -0.0189358991
A[141 := 0.0035690621;
A[151 := -0.0063989S80

ENDi

{------ Define X as a function of the altitude ratio --------
X := 2.0 * Z/Zl - 1.01

------------ Define Nu as a function of X--------------
Nu t= 2.0 * Xi

(-.Define the Chebyshev Polynomials as functions of Nu --- }
C[21 2= Nul
C[31 1= Nu*Nu - 2.01
FOR kt= 4 to 15 DO

Ck) i= Nu * C[k-l] - C(k-21,

{ - Sum all parts of the Chebyshev expansion atmosph-ric model-
FOR k:= 2 to 15 DO

BEGIN
PART := Ak] * C[k];
SUN t= SUM + PART;

ENDi

-------------- Solve for the pressure at altitude -------
LNR s= 0.5 * (All + SUM)g
R t= EXP(LNR)j
PALT := R * P0
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IF Z <= 80.0 THEN
BEGIN

------ Chebychev model for altitudes; of 80 km or less ------ }
{------ Define initial and zero altitude density constants -- I

SUM := 0.0;
Z1 80.0;
RHOO : 1.2250;

-Define the density ratio coefficients ----------
A(1l := -10.960632;
A2 := -5.5717132;
A(31 s= 0.099116555;
A(4 s: 0.061044847;
A[51 = -0.14304157;
A(6] 0.0029494088;
A(M3 := 0.0058709604;
A(8) 0.0020421324;
A(91 0.0071033206;
A[101 : -0.0010314086;
AP111 s= 0.0034100737;
A(12] := 0.0041764325;
A1131 := -0.0039151559;
A[14] 0.0011227828;
A1151 ;= -0.0015751053;

END
ELSE
BEGIN

------- Define initial and zero altitude density constants -
SUN s= 0.0;
ZI := 200.0;
RIOO s= 1.2250;

-------.Chebychav model for altitudes of 80 to 200 km -------
-Define the density rati> coefficients ----------

Al] -25.415229;
A[21 = -11.684380;
A(3) 2 1.8721406;
A44M 0.81660876;
A(5] : -0.093811118;
A(6 -0.30155735;
A7 t= -0.077593291y
A(8] := 0.21640168;
A191 = -0.034918422;
A[10) = -0.0701267991
A(11] 2 0.036014616;
A[12) = 0.01951351;
A(13] 2 -0.021450283;
A114] 2

= -0.0012497995;
A1151 : 0.0184218661

-Define X as a function of the altitude ratio -------
X := 2.0 * Z/Zl - 1.0;

- Define Nu as a function of X------------
NU := 2.0 * Xj

------.Define the Chabyshev Polynomials as functions of Nu -- }
C(2) tz Hu;
C(31 := Nu*Nu - 2.01
FOR ks=4 to 15 DO

Ck] := Nu * C(k-1] - CMk-2];

- Sum all parts of the Chebyshev expansion atmospheric model
FOR k:= 2 to 15 DO

BEGIN
PART s= Ak * C(k];
SUM t= SUM + PART;

END;

-Solve for the density at altitude------------
LNR 0.5 * (All] + SUM);
R 3: EXP(LHR);
RHOALT := R * RHOO;

--- convert pressure & density from metric units to English units I
{ --- (N/(m*a) ==> lbf/in**2; kg/m**3 ==> lbm/ft**3) ---------
PALt :z PAlt * 0.000145;
RhoAlt := RhoAlt * 0.062429507;

ENDi ( Procedure Cheby )

A-If0



9

APPENDIX B

PASCAL SOURCE CODE

MATHEMATICAL ROUTINES



UNIT MATH;

*)

(" Module - MATH.PAS ")

(* This file zontains most of the math procedc.es and functions.

**************** NOTICE OF GOVERNMENT ORIGIN ****** ** *)

(* This software has been developed by an employee of the United States *)
(* Government at the United States Air Force Academy, and is therefore *)
(* a work of the United States, and is NOT subject to copyright protection *)
(* under the provisions of 17 U.S.C. 105. ANY use of this work, or *)
(* inclusion In other works, must comply with the notice provisions of *)
(5 17 U.S.C. 403.(5 5)
(* ******************5*****t************************** 5)

(5 Current : 30 Jan 91 Capt Dave Vallado VERSION 3.0 5)

(* Changes z 25 Jan 91 Capt Dave Vallado 5)
(* Update formatting and misc fixes *)
(* 20 Sep 90 Capt Dave Vallado 5)
(* Add roots solvers and fix small 5)
(* 20 Apr 90 Capt Dave Vallado VERSION 2.0 5)
(* Updated veruion
(* 24 Jan 90 Capt Dave Vallado 5)

Change Matrix structure
(5 4 Dec 89 Capt Dave Vallado
(* Added LOG function 5)
(* 8 Sep 88 Capt Dave Vallado *)

Version 1.0
C' 27 Jun 88 Capt Dave Vallado 5)
(* Fixes to NAG calls in misc procedures 5)

17 Apr 88 Capt Dave Vallado
(* Upgrade to Turbo 4.0 5)

23 Nov 87 Capt Dave Vallado
(* Incorporated coaments for each procedure 5)

INTERFACE

( ---------------------------------------------- -5

TYPE
Vector = ARRAY(I..41 of Extendedl
Str64 = STRING(641;

Intarray = ARRAY(I..61 of Integers

NatrixDataPtr = ^HatrixDatai
Iatrixrata = RECORD

Index s Integer;
Number % Extended
Next,Last s MatrixDataPtri

ENDI
NatrIxPtr RECORD

NumRows,NumCols i Integers
DPtr a MatrixDataPtri
Hoad,Tail i MatrixDataPtti

ENDI
Matrix :MatrixPtri

M-----------------Misc functions for PASCAL --------------

Function SGN ( XVal a Extended ) Extended;

Function RealMOD ( XVal, Modby a Extended ) Extended;

Function Power ( Base, Pwr : Extended ) Extended;

Function Log ( XVal : Extended ) Extended

Function Mn ( X, Y Extended ) Extendedi

Function Max X, Y Extended ) Extendedl

Procedure Plane ( xl,yl,zl,x2,y2,z2,x3,y3,z3t Extended;
VAR a,b,oc,d t Extended );
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( Trigonometric Functions -

Function Tan ( XVal : Extended : : Extended;

Function Cot XVal : Extended ) : Extended;

Function Csc ( XVz : Extended ) s Extended;

Function Sec ( XVal : Extended ) : Extended;

Function ATan2 ( SinValue, CosValue : Extended ) : Extended;

Function ArcSin ( XVal : Extended ) t Extended;

Function ArcCos ( XVal : Extended ) s Extended;

Function Cosh ( XVal : Extended ) : Extended;

Function ArcCosh ( XVal s Extended ) : Extended

Function Sinh ( XVal Extended ) s Extendedl

Function ArcSinh ( xVal : Extended ) s Extended;

Function Tanh ( XVal 2 Extended ) Extended;

Function ArcTanh ( XVal t Extended : p Extended;

(-------------------- Vector Operations -----------------

Function DOT ( Vecl,Vec2 s Vector ) t Extended;

Procedure CROSS ( Vecl,Vec2 Vector;
VAR OutVec Vector );

Procedure NAG ( VAR Vec Vector );

Procedure NORM ( Vec s Vector;
VAR OutVec I Vector );

Procedure ROTI ( Vec : Vectorp
XVel Zxtended;
VAR OutVec 2 Vector )I

Procedure ROT2 ( Vec I Vector$
XVal s Extendedp
VAR OutVec s Vector )I

Procedure ROT3 ( Vec Vector;
XVel i Extended;
VAR OutVec : Vector );

Procedure ADDVEC ( Vecl,Vec2 s Vector;
VAR OutVwc 2 Vector );

Procedure ADD3VEC ( Vecl,Vec2,Vec3 t Vector
VAR OutVec 2 Vector )I

Procedure LNCOM. ( A Extended;
Vec Vector;
VAR OitVec Vector );

Procedure LNCOM2 ( AlI,A Extended;
Vecl,Vec2 t Vectorp
VAR OitVec 2 Vector )I

Procedure LNCOM3 ( Al,A2,A3 s Extended;
Vecl,Vec2,Vec3 s Vector;
VAR OutVec I Vector )p

Procedure ANGLE ( Vecl,Vec2 Vector;
VAR rheta Extended );
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-------------- - --- ------------------- --- }

Procedure Quadratic ( ab, s Extended;
VAR Rlr,Rli,R2r,R2i % Extended )i

Procedure Cubic ( a,b,c,d s Extended;VAR Rlr,RliR2rR2iR3r,R3Ls Extended )I

Procedure Quartic ( a,bo,d,e E Kxtended;
VAR RlrRli,J2rR21,R3r,R31,

R4r,R4i : Extended )I

{--------------------- Matrix Operations-----------------

Procedure InitMatrix ( Rowe,Cos s Integer;

VAR A : Matrix

Procedure DelMatrix ( VAR A : Matrix

Function GetVal ( VAR A I Matrix?
RowCol : Integer )s Extended;

Procedure AssignVal ( VAR A s Matrixj
Row,Col : Integeri
Number : Extended )p

Procedure MatMult MatlMat2 : Matrixp
Matlr,Matlc,Mat2c I Integer I
VAR Mt3 I Matrix

Procedure MatAdd Matl,Mat2 I Matrix;
MatlrM.,lc : Integer
VAR Mat3 s Matrix

Procedure MatTrans Matu Matrixi
Matlr,Matlc t Integer
VAR Mat2 : Matrix

Procedure LUDeComp VAR LU I Matrix;
VAR Index : Intarrayl
Order s Integer );

Procedure LUBkSub LU s Matrixj
Index t Intarray;
Order : Integerp
Var 3 Matrix

Procedure MatInverse Mat Matrix?
Order Integerp
VAR MatInv s Matrix

Procedure PrintMat ( Matl t Matrix;
Title a 8tr64

Function Determinant ( Mati s Matrixj
Order s Integer ) E Extended;

---------------------------------------------------------------- )

IMPLEMENTATION

(----------------------------------
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I FUNCTION SGN

This Function determines the sign of a num=r.

Algorithm : Set the function to 1.0 if positive, -1.0 if negative

Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 18 Sep 1990

Inputs
XVal -Value to determine sign of

OutPuts
SGN - Result +1 or -1

Locals
None.

Coupling

None.

---- ----------------------------------------------------------------------------- I

FUNCTION SGN ( XVal : Extended ) i Extended;
VAR
Tamp : EXTENDED;

BEGIN
IF XVal > 0.0 THEN

Temp:= 1.0
ELSE
Temp:= -1.01

SGN:= Tempi
END; C Function SGN

------------------------------------------------------------------
FUNCTION RealMOD

I This Function performs the MOD operation for REALs.

Algorithm : Assign a temporary variable
Subtract off an integer number of values while the xval is

too large

Author i Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs
XVal - Value to NOD
Modoy - Value to MOD with

OutPuts t
RoalMOD - Result -ModBy <= Answer <= +ModBy

Locals t
TempValue - Temporary Extended value

Coupling
None.

-------------------------------------- -------------------

FUNCTION RealMOD ( XValHodby i Extended ) 2 Extendedi
VAR

TeMpValue: Extended;
BEGIN

TempValue t= XVal;
WHILE ABS(TompValue) > NodBy DO

TempValue:z TempValue - INT(XVal/ModBy)*KodBy
RealNODs= TempValue,

END3 ( Function RealMOD I

0
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r;ACTION POWER

This Function performs the raising of a base to a power. Notice the IF
statement to eliminate problems such as a negative base, or a base equal
to 0.0.

Algorithm : If the base is positive, calculate the answer

Otherwise, write an error

Author : Capt Dave Vallado USAPA/DPAS 719-472-4109 12 Aug 1988

Inputs $
Base - Base value
Pwr - Power to raise base to

Outputs
Power - Result

Locals
None.

Coupling
None.

I--------------------------------------------------------

FUNCTION Power ( Bass, Pwr a Extended ) i Extendedi
BEGIN

IF Bass > 0.0 THEN
Power :t Rxp( Pwr * Ln( Base

ELSE
BEGIN
Writeln( 'Error in Power with base = ',base,' and Pwr = ',Pwr );

END;
ENDs { Function Power }

FUNCTION LOG

This Function performs the LOG base 10 problem.

Algorithm t If the x is positive, calculate the answer
Otherwise, set the answer to 0.0

Author : Maj Tom Riggs USAFA/DFAS 719-472-4109 4 Dec 1989

nputs
X - Value to take the Log base 10 of

Outputs
Log - Result

Locals
None.

Coupling
None.

------------ -------- - -- ---------------------- ---- I
FUNCTION LOG ( XVal t Extended ) i Extendedl

Const
Lfac E Extended 0.43429446191 (l.0/ln(l0))

BEGIN
IF XVal > 0.0 THIN

Log t: Lfac*ln(XVal)
ELSE

Log := -1.0*37,
END; { Function Log I
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FUNCTION NIN

This Function determines the minimum of 2 values.

Algorithm s If the x is less than y, set min to x
otherwise, set min to y

Author : Capt Dave Vallado USAFA/DPAS 719-472-4109 12 Aug 1988

Inputs
X - Value number 1
Y - Value numbr 2

outPuts
Min -minimum of x or y

Locals
None.

Coupling
None.

. . . . . . . . ...--------------------------------------------------------------}

FUNCTION Min ( X, Y Ixtended ) : Extended;
BEGIN

IF X < Y THEN
Min 32 X

ELSE
min 1= Y;

END) { Function min ]

------------------------------------------- ---------------
FUNCTION MAX

This Function determines the maximum of 2 values.

Algorithm : If the x is more than y, set max to x

otherwise, set max to y

Author i Capt Dave Vallado USAPA/DYAS 719-472-4109 12 Aug 1908

Inputs
X - Value number 1
Y - Valuo number 2

OutPuts I
Max -Minimum of x or y

Locals
None.

Coupling 3
None.

- ----------------------------------------------------------------------------

FUNCTION Max ( X, Y t Extended ) : Extendedl
BEGIN

IF X > Y THEN
Max 1= X

ELSE
Max := Y1

END; (Function Max)
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PROCEDURE PLANE

This procedure calculates the equation of a plane given 3 points
ptl - xl,yl,zl, pt2 - x2,y2,1z2, pt3 - x3,y3,z3 , and outputs the
a b c d variables describing the plane. NOTE that the general equation
of a plane is defined here as: ax + by + cz + d = 0 and the values
are obtained by solving the ordered determinant x y z 1

xl ylzl 1 =0
x2 y2 s2 1
x3 y3 z3 1

Algorithm t find the line differences for each set of points
Calculate the coefficients of the plane

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs
xl,yl,zl - point # I
x2,y2,z2 - point # 2
x3,y3,z3 - point 0 3

Outputs
a,b,c,d - constants for the equation of the plane

Locals
z23

coupling
None.

----------------------------------------------------------- I

PROCEDURE Plane ( xl,yl,al,x2,y2,:2,x3,y3,z3: Extended;
VAR a,b,c,d Extended);

VAR
z23,y23,x23,yz2 3 ,yz32 ,xz23,xx32,xy23,xy32 s xxtendedl

BEGIN
z23: = z2-z3,
y23:= y2-y3;
X23:= x2-x3g

yz23:= y2*z3*
yz32tz y3*z2;
xz23:= x2*z3;

xz323= x3*z2j
xy23t= x2ky3:
xy32:= x3*y2;

a:= yl*z23 - zl*y23 + yx23 - ys32;
b:= xl*z23 - zl*x23 + xz23 - x232,
c:= xl*y2 3 - yl'x23 + xy23 - xy321
d;= xl*(yz23 - yz32) - yl*(x:23-xz32) + 2l*(xy23 -xy32)1

ENDg ( Procedure Plane I
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I FUNCTION TAN

I This Function finds the tangent of an angle in radians.

Algorithm t If the absolute value of xval is zero, set tan to infinity
otherwise, find the answer using the sine

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

Inputs
XVal - Angle to take Tangent of red

OutPuts I
Tan - Result

Locals t
Temp - Temporary Real variable

A Constants
Inifinity - Value to represent Infinity
Small - Tolerance value

------------------------------------------------------- )

FUNCTION Tan ( XVas ; Extended ) : Extendedi
CONST

Infinity : Extended = 999999.9o
Small i extended x 0.000001i

VAR
Temp t EXTENDED*

BEGIN
Temp := Cos( XVal )I

IF ADS( Tamp ) < Small THEN
Tan i= Infinity

ELSE
Tan t= Sin( XVal ) / Tempi

END; { Function Tan I

------------------------------------------------------------------

I FUNCTION COT

This Function finds the Cotangent of an angle In radians.

Algorithm i If the absolute value of XVal Is zero, set cot to infinity
otherwise, find the answer using the tangent

Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 20 Sep 1990

Inputs 2
XVal - Angle to take Cotangent of rad

OutPuts
Cot - Result

Locals
Tamp - Temporary Real variable

Constants
Inifinity - Value to represent infinity
Small - Tolerance value

-------------------------------------------- --

FUNCTION Cot ( XVal a Extended ) t Extendedi
CONST

Infinity i Extended 999999.91
Small t Extended 0.000001i

VAR
Teamp a EXTENDEDi

BEGIN
Tamp:= Tan( XVal )I

IF ABS( Tamp ) < Small THEN
Cot a Infinity

ELSE
Cot a= 1.0 / Tempi

END ( Function Cot )
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FUNCTION CSC

This Function finds the Cosecant of an angle in radians.

Algorithm : If the absolute value of XVal is ero, set ctc to infinity
otherwise, find the answer using the sine

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sop 1990

Inputs
XVai - Angle to take Cosecant of rad

OutPuts
Csc - Result

Locals
Temp - Temporary Real variable

Constants
Inifinity - Value to represent infinity
Small - Tolerancs value

... .. -...- .. ----...---- ---- --...... .---- -- - -----

FUNCTION Cac ( XVal s Extended ) X Extended;
CONST

Infinity : Extended a 999999.91
Small t Extended = 0.000001;

VAR
Temp : EXTENDED1

BEGIN
Temp:= Sin( XVal )i

IF ABS( Temp ) < Small THEN
Csc := Infinity

ELSE
Csc := 1.0 / Tamp;

ENDi ( Function Csc )

------------ (--------------------------------------------
FUNCTION SBC

This Function finds the secant of an angle in radians.

Algorithm t If the absolute value of XVal is zero, set sec to infinity
otherwise, find the answer using the Cosine

Author z Capt Dave Vallado USAFA/DWAS 719-472-4109 20 Sop 1990

Inputs £
XVal - Angle to take secant of rad

OutPuts
Sec - Result

Locals
Temp - Temporary Real variable

Constants t
Inifinity - Value to represent infinity
Small - Tolerance value

..................---------------------------------------------

FUNCTION Sec XVal iExtended ) a Extended;
CONST

Infinity : Extended = 999999.9,
Small : Extended z 0.000001i

VAR
Temp t EXTENDED;

BEGIN
Temp z= Cos( Val );

IF ABS( Temp ) < Small THEM
Sec = Infinity

ELSE
Sec := 1.0 / Temp;

END; ( Function Sc )0
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I FUNCTION ATAN2

IThis Function performs the arc tangent 2 function which resolves
Iquadrants. The arguments passed at* the aine and cosine values.

IAlgorithm :Determine the quadrant using 17 statments
I If the Answer Is not a sepcial case, 0, I30, etc

find the arctangent
I otherwise, find the special case values

IAuthor :Capt Dave Vallado USAFA/OFAS 719-472-4109 12 Aug 1988

iInputs
I SinValue - Sine of desired angle rad
I CosValue - Cosine of desired value rad

Ioutputs
I Atan2 -Arctangent with resolved quadrants 0.0 to 2Pi rad

ILocals I
I TanArg - Temporary Extended Value
I Quadrant - Quadrant of the answer 1 2 3 4
I SinInteger - Sign of the value +1 or -1

Iconstants
I P1 3.14159265359
I TwoPi 6.28318530717959

Icoupling
I None.

--------------------------------------------------

FUN4CTION ATan2 (SinValustCosvalue : xtended S xtendedj
CONST

PI Extended z3.141592653591
TwoPis Xxtended z 6.283185307179591

VAR
Tanhrg s xxtendodi
Quadrants SinInteger sIntegorl

BEGIN
Quadrant:% 51
IF (SinValue > 0.0 ) and (8inValue 1.0 )and

(CornValue > 0.0 ) and (CosValue < 1.0 ) MWU
quadrants= Ii

IF (SinValue > 0.0 jand (SinValue < 1.0 )and
(CornValue < 0.0 ) and (CoaValue >-l.0 THUI
quadrants= 21

IF (SinValue > -1.0 )and (SinValut < 0.0 )and
(CosValue < 0.0 ) and (CoaValue N-l.0 THN
quadrantic 3b

IF (SinValue > -1.0 ) And (SinValue < 0.0 )and
(CosValue > 0.0 ) and (CosVAlu* < 1.0 THEN
quadrantiz 0~

IF Quadrant <> 5 THEN
BEGIN

tanargiz arctan(ISinValu*/Co&Value)l
IF (Quadrant <4) and (Quadrant <> 1) THEN

tanarga: tanarg + Pi
RLSE
IF Quadrant =4 THEN

tanargt= tanarg + TwoPi;
END
ELSE

MEIN (special cases
SinIntegers= Round(SinValue)l
CASE SInInteger OF
-1 TanArg:: 3.0*Pi/2.01
0 aIF ROUND(CosValus) > 0.0 THEN

TanArglz 0.0
ELSE
TanArga: Pi1

I s TanArg:= P 1/2.0,
ENDI { case

ENDs
ATan2: tanargi

END; { Function Atan2
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FUNCTION ARCSIN

This function evaluates Arc Sins using the standard Arc Tangent function.

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Algorithm 3 If the absolute value of the argument (XVa1) is less than 1.0
find the answer using the ARCTAN function

else
If the absolute value of the argument (XVal) is very close to 1.0
If Val Is positive

the answer = 90 degrees
else

the answer = -90 degrees
else
write an error message to the screen

Inputs
XVal - Angle value -1.0 to 1.0 rad

Outputs
ArcSIn - Result -PI/2 to Pi/2 rad

Locals
Temp - Temporary Extended Value

Constants
Pi - Pi
Small - Tolerance

Coupling
None.

I----------------------------------------------------------------)
FUNCTION ArcSin ( XVal t Extended ) a Extended

CONST
Small a Extended = 0.000001;
PI : Extended = 3,141592653591

VAR
Temp t Extendedn

BEGIN
IF AHS( XVaI ) < 1.0 THEN

Tamp:= ArcTan( XVal / %QRT(I.0 - XVal'XVal) )
ELSE
IF ABS(XVal)-l.0 < Small THEN

IF XVal > 0.0 TM
Tampsa Pi /2.0 (XVal 1.0)

ELSE
Tompin -Pi / 2.0 { XVal = -1.0 )

ELSE
Writaln( 'Error In ArcSin argument z ',XVal )i

ArcSini= Temp;
END; ( Function AreSin }

{0
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FUNCTION ARCCOS

I This function evaluates Arc Cosine using the ArcSin function.

Algorithm : If the absolute value of the argument (XVal) is less than 1.0
find the answer using the ARCTAN function

else
If the absolute value of the argument (XVal) is very close to 1.0

If XVal is positive
the answer = 90 degrees

else
the answer = -90 degrees

else
write an error mesbilge to the screen

Author a Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs
XVal - Angle Value -1.0 to 1.0 rad

OutPuts I
ArcCos - Result 0.0 to Pi rad

Locals
Temp - Temporary Extended Value

Constants I
Pi -pi
Small - Tolerance

Coupling
ARCSIN Sine of an angle in radians

------- ---------------------------------------------------- ----------------------- I

FUNCTION ArcCos ( XVal i Extended ) t Extended
CONST

Small a Extended = 0.000001
Pi i Extended = 3.141592653591

VAR
Temp t Extended,

BEGINIF ABS(XVCl} < 1.0 THEN

BEGIN
Tempt= ArcSin( SORT(1.0 - XVaI*XVal) )I
IF XVal < 0.0 THSN

Tempi= PI - Tempi
END
ELSE
IF ABS(XVal)-I.0 < Small THEM

IF XVal > 0.0 THEN
Tempiz 0.0 XVal 1.0 1

ELSE
Temp,= PI { XVal z -1.0 ]

ELSE
Writeln( 'Error in ArcCos argument z ',XVal )I

ArcCostz Tempi
END) { Function ArcCos I

(
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FUNCTION COSH

This function evaluates the hyperbolic cosine function.

Algorithm : Calculate the answer

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

Inputs 3
XVal - Angle value any real

OutPuts 2
Cosh - Result 1.0 to Infinity

Locals
None.

Coupling
None.

-----------------------------------------------

FUNCTION Cosh ( XVal : Extended ) s Nxtendedl
BEGIN

Cosh:= 0.5*( EXP(XVal) + W(-XVal) );
NDi ( Function Cosh }

I

FUNCTION AMCCOSH

I Tnis function evaluates the inverse hyperbolic cosine function.

Xlgorithm : If XVal squared - 1 is less than zero, set to undefined

Author t Capt Dave Vallado USAFA/DFA8 719-472-4109 20 Sep 1990

Inputs
XVal - Angle Value 1.0 to Infinity

OutPuts s
ArcCosh RQsult any real

Locals
Tamp - Temporary Extended Value

Constants
Undefined - Flag value for an undefined quantity

Coupling
None.

FUNCTION ARCCosh ( XVal a Extended ) i Extended;
CONST

Undefined t Extended = 999999.1;
VAR

Temp : Extended;
BEGIN

IF XVal*XVal - 1.0 < 0.0 THEN
BEGIN

Tempt= Undefined;
WritoLn( 'Error in ArcCosh Function )

END
ELSE

Temp:= LN( XVal + SORT( XVal*XVal - 1.0 ) )i

ArcCosh:= Temp,
ENDi ( Function ArcCosh ){

0
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--------------------------------------------- - -------------

FUNCTION SINE

This function evaluates the hyperbolic sine function.

Algorithm i Calculate the answer

Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

Inputs
XVal - Angle Value any real

OutPuts
Sinh - Result any real

Locals
None.

Coupling t
None.

----------------------------------------------------------- I

FUNCTION Sinh ( XVa1 t Extended ) s Extended;
BEGIN

Sinh:= 0.5*( KXP(XVal) - 3XP(-XVal) )I
ENDi { Function Sinh I

-------------- -------------------------------------------

FUNCTION ARCSINH

I This function evaluates the inverse hyperbolic sine function.

Algorithm : Calculate the answer

I Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

iInputs
XVal - Angle Value any real

OutPuts
ArcSinh - Result any real

Locals
None.

Coupling
None.

-----------------------------------------------------------I

FUNCTION ARCSInh ( XVal i Extended ) i Extended
BEGIN

ArcSinhs= LN( XVal + SQRT( XVaI*XVal + 1.0 ) );

END; { Function ArcSinh I
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I UNCTION TANH

This function evaluates the hyperbolic tangent function.

Algorithm : Calculate the ansv.r

Author : Capt Dave Vallado UZAFA/DFAS 719-472-4109 20 Sep 1990

Inputs
XVal - Angle Value any real

OutPuts
Tanh - Result -1.0 to 1.0

Locals 8
None.

Coupling
None.

----------------------------------------------------------- I

FUNCTION Tanh ( XVal : Extended ) Extended;
BEGIN

Tanh:= ( EXP(XVal) - EXP(-XVal) ) / (EXP(XVaI) + RXP(-XVal) );

END; { Function Tanh )

FUNCTION AheTANH

This function evaluates the inverse hyperbolic tangent function.

Algorithm : Check for divide by zoro and write error
Calculate the answer if possible

Author : Capt Dave Vallado USAFA/DYAS 719-472-4109 20 Sep 1990

inputs t
XVal - Angle Value -1.0 to 1.0

OutPuts
ArcTanh - Result any real

Locals
Tamp - Temporary txtonded Value

Constants
Small - Tolerance
Undefined - Flag value for an undefined quantity

Coupling
None.

--------------- I------------------------------------------I
FUNCTION ARCTanh ( XVal : Extended ) : Extended;

Const
Small : Extended = 0.000001
Undefined: Extended = 999999.1;

VAR
Temp t Extended;

BEGIN
IF 1.0 - ABS(XVal) < Small THEN

BEGIN
Temp:= Undefined,
WriteLn( 'Error in ArcTanh Function

END
ELSE
Temtj= 0.5 * LN( (1.0 + XVal) / (1.0 - XVal) ),

ArcTanh:= Temp;
END; { Function ArcTanh I

O1
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------------------------------------------------------------------
I FUNCTION DOT

This Function finds the dot product of t vectors.

Algorithm t Calculate the answer directly

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs a
Veci - Vector number 1
Vec2 - Vector number 2

OutPuts a
Dot - Result

Locals
None.

Coupling
None.

- -----------------------------------------------------------------------------

FUNCTION DOT ( Vecl,Vec2 a Vector ) a Extendedl
BEGIN

DOTs= Vecl[l)*Vec2[l] + Vecl(2]*Vec2[2] + Vecl[3]*Vec2(3];
ENDs ( Function Dot I

---------------------------------------------------
PROCEDURS CROSS

This procedure crosses two vectors.

I Algorithm a Calculate each vector component
Find the magnitude of the answer

Author C Capt Dave Vallado USAA/DFAS 719-472-4109 12 Aug 1988

Inputs I
Vecl - Vector number 1
Vec2 - Vector number 2

OutPuts I
OutVec - Vector result of A x B

Locals
None.

Coupling
HAG Magnitude of a vector

---------------------------------------------------- -------------------- )

PROCEDURE CROSS ( Vacl,Vec2 a Vectort
VAR OutVec : Vector )I

BEGIN
OutVec(la== Vecl[21*Vec2[3]-Vecl[3]*Vec2f2]!
OutVec[2]:= Vecl[3I*Vec2[l]-Vecl[l]*Vec2[3]!
OutVac(3]a= Vecl[l3*Vec2(2]-Vecl(2]*Vec2(l],

HAG( OutVec )I
END; { Procedure Cross ]
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PROCEDURE NAG

This procedure finds the magnitude of a vector. The tolerance is set to
0.000001, thus the 1.03-12 for the squared test of underflows.

Algorithm t Find the squared sum of the terms
Check to be sure there is no SORT of 0.0

Author s Capt Dave Vallado U8AFA/DFAS 719-472-4109 20 Sep 1990

Inputs
Vec - Vector

OutPuts
Vec - Answer stored in fourth component

Locals
None.

Coupling I
None.

-----------------------------------------------------------I

PROCEDURE HAG ( VAR Vec s Vector )p
VAR Temp: Extendedl
BEGIN
Temp:= Vec[l1]*Vec(1) + Vec[2]*Voc(21 + Vec31*Vec[3)1

IF ABS( Temp ) >= 1.03-12 THIN
Vec(41:z SORT( Tep )

ELSE
Vec[43:t 0.01

END; { Procedure Hag I

------------------------- ---------------------------------------
PROCEDURE MAN)

This Procedure calculates a unit vector given the original vector. If a
zero vector is input, the vector is set to zero.

Algorithm 3 Find the magnitude of the input vector if not done
Check if the magnitude is greater than zero

Author i Capt Dave Vallado USArA/DFAS 719-472-4109 21 Aug 1988

Inputs
Vec - Vector

OutPuts
OutVec - Unit Vector

Locals
S i - Index

Constants t
Small - Tolerance factor

Coupling
HAG Magnitude of a vector

------------ ------------------------------------

PROCEDURE NORM ( V6c s Vectori
VAR V tVec : Vector )I

CONST
Small : Extended = 0.000001i

VAR
I : INTEGER;

BEGIN
HAG( Vec );
IF Vec[4] > Small THEN

FOR I:= I to 4 DO
OutVec[i3:Z Vec[i)/Voc[4]

ELSE
FOR .-t 1 to 4 DO

OutVectiJ:M 0.0,

END; { Procedure Norm )
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PROCEDURE ROT1

IThis procedure performs a rotation about the 1st axis.

Algorithm : Store 3rd component for later use
Calculate Sine and Cosine values to mmke more efficient
Find the new vector

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs t
Vec - Input vector
XVal - Angle of rotation rad

OutPuts I
OutVec - Vector result

Locals
c - Cosine of the angle XVal
s -Sine of the angle XVal
Tamp - Temporary xtended value

Coupling
None.

------- ----------------------------------------------------------------------------I

PROCEDURE ROT1 ( Vec i Vector;
XVAl i Extended:
VAR OutVec 8 Vector ),

VAR
c, a, Tamp : Extended

BEGIN
Temps= Vec[31:
c:= coo( XVal ):
s:= sin( XVal ):

OutVec[3]:= c*Vec(31 - s*Vec(2];
OutVec[21a= c*Vec(2] + s*Tempg
OutVac(11= Vec[1],
OutVec[4]:= Vec(4]l

END; { Procedure Rotil
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-- - - - - - - - - - - -- - - -- - - - - -- -- - - - - -- - - - -

PROCEDURE ROT2

IThis procedure performs a rotation about the 2nd axis.

IAlgorithm : Store 3rd component for later use
Calculate $ine and Cosine values to make more efficient

I Find the new vector

IAuthor : Capt Dave Vallado USAIA/DIAS 719-472-4109 12 Aug 1988

IInputs
I Vec - Input vector
I XVa. - Angle of rotation rad

Ioutputs
I utVec -Vector result

ILocals
I C Cosine of the angle XVal
I S- Sine of the angle XVal
I Tamp -Temporary Extended value

ICoupling
I None.

----------------------------------------------------------- I

PROCEDURE ROT2 (Vec :Vectorl
XVal t Extended;
VAR OutVac sVector )I

VAR
c, s, Temp : Extendedi

BEGIN
Tamp:= Vec(3);
ct= Cos( XWal )I
2: sin( X'Jal );

OutVec(31:= c*Vec(3) + s*Vectl);
OutVec~l):= c'Vec(lI s'Tempf
OutVecf2]s: Vec[211
OutVec(41:= Vec(4J,

END; Procedure Rot2}
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PROCEDURE ROT3

IThis procedure performs a rotation about the 3rd axis.

Algorithm ;Store 2nd component for later u:se k oe fiin

Find tenwVco

IAuthor : Capt Dave Vallado USANA/DFAS 719-472-4109 12 Aug 19988

i nputst
I Vac - Input vector
I Xal - Angle of rotation rad

Ioutputs
I OutVec -Vector result

ILocalst
I C - Cosine of the angle XVal
I s - Sine of the angi-i XVaZ.
I Temp - Temporary Extendod value

ICoupling I
I None.

----------------------------------------------

PROCEDURE ROT3 (Vec : Vector p
XCVal : xxtendedl
VAI OutVec t Vector )I

VAR
c, ai, Temp : Extendedp

BEGIN
Temp:= Vec(211
c:= Cos( XWal )
s:= sin( XWal )

OutVec(23:: c*Vsc(2J - s*Vscjljj
OutVec[1):z c*Vec(l] + s'Texpp
OutVec[3]tz Vec[31,
OutVec[41t= Vec[411

ENDs { Procedure Rot3)
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I PROCKDimE ADDVUC

IThis procedure adds two vectors.
IAlgorithm :Loop to find each component

I rind the magnitude of the vector

IAuthor : Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988

iInputs I
I Veci - Vector number 1
I Vec2 - Vector number 2

Ioutputs
I utVec -Vector result of A + B

ILocals
I I -index

ICoupling
I NAG Magnitude of a vector

---------------------------------- --------------------

PROCEDURZ ADDVZC (Vecl#Vec2 & Vector;
VAR OutVec i Vector )I

VAR
i : Integer;

BEGIN
FOR it=1 to 3 Do

OutVec(il:= Veclil) + Vec2[i],
HAG( OutVec )I

END; { Procedure AddVec)

------------------------------------------------------------------

I PROCIDURR ADD3V3C

IThis procedure adds three vectors.

IAlgorithm i Loop to find each component
I Find the magnitude of the vector

IAuthor % Capt Dave Vallado U8AIA/DFAS 719-472-4109 12 Aug 1988

IInputs I
I VocI - Vector number 1
I Vec2 - Vector number 2
I Vec3 - Vector number 3

Ioutputs
I outvoc -Vector result of Vecl + Vsc2 + Vec3

ILocals
i I Index

Icoupling 2
I AG magnitude of a vector

I-------------------------------------------------------I

PROCEDURE ADD3VEC (Vecl,Voc2,Vec3 : Vector;
VAR OUtVec t Vector )I

VAR
2 Integer;

BEGIN
FOR ita1 to 3 DO

OutVsc[i]:= Vocl(i) + W0c(11 + V~c3(i],
RAG( OutVsC )I

END; ( Procedure Add3Vec



I PROCEDURS LNCOM1

IThis procedure calculates the linear combination of a vector
I multiplied by a constants.

IAlgorithma t Loop to find each combination
Find the magnitude of the vector

IAuthor :Capt Dave Vallado USASA/DFAS 719-472-4109 12 Aug 1988

IInputsI
I Al - constant number
I Vec - Vector number

Ioutputs
I OutVac -Vector result of Al5Vec1 + A2*Vsc2

ILocals
I I -Index

ICoupling
M AG Magnitude of a vector

------------------------------- ------------------------ ------------------- I

PROCEDURE LNCOHI A sExtended;
Vec t Vectori
VAR OutVec I Vector )I

VAR
I : Integer;

BEGIN
FOR It= 1 to 3 DO

OutVec[Ib3% A*Vec[i)1
HAG( OutVec )I

END; ( Procedure LnComl

--------------------------- --- - --------------------

PROCEDURI LNCOM2

Thspoeuecluae the linear combination of two vectors
multplie bytwo different constants.

Algorithm t Loop to find each combination
Find the magnitude of the vector

IAuthor :Capt Dave Vallado USAIA/DFAS 719-472-4109 12 Aug 19688

IInputst
I Al - constant number 1
I A2 - constant number 2
I Vecl - Vector number 1
I Vec2 - Vector number 2

Ioutputs
I OutVec -Vector result of Al*VscI + A2*Vec2

ILocalsI
I -index

V I Coupling
I AG Magnitude of a vector

------------------------------- - - - --- ---------------- - - --------

VPROCEDURE LNCO42 (A1,A2 E xtended;
Vecl,Vec2 t Vector;
VAR OutVec t Vector )l

VAR
I t Integer;

BEGIN
rOR i:= 1 to 3 DO

outVactilt= al*Vecl(iJ + a2*Vec2[iI,
HAG( OutVac )I

END; { Procedure LnCom2
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I PlOCIDURW LNCOE3

IThis procedure calculates the linear combination of three vectors
I multiplied by three different constants.

IAlgorithm z Loop to find each combination
I Find the magnitude of the vector

IAuthor % Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

iInputs
I Al - constant number I
I A2 - constant number 2
I A3 - constant number 3
I vecl - Vector number 1
I Vec2 - Vector number 2
I Vec3 - Vector number 3

Ioutputs
I OutVec -Vector result of Al*Vec1 + A2*Vec2 + A3*Vsc3

ILocals
I i -index

Icoupling
I HAG Magnitude of a vector

I----------------------------------------------------------------I

PROCEDURE LNCOM3 (Al,A2,A3 i Xxtendedl
Vocl#Vec2,Voc3 . Vectori
VAR OutVec sVector )I

VAR
i : Integer;

BEGIN
FOR i:= 1 to 3 DO

OutVeci):= al*Vecl~i] + a2*Vec2(iJ + a3*V~c3ri3;
HAG( OutVec );

END; ( Procedure LnCom3
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PROCEDURE ANGLE

IThis procedure calculates the angle between two vectors. The output is
I set to 999999.1 to indicate an undefined value. Be SURE to check for
I this at the output phase.

IAlgorithm 3Check the denominator for a divide by zero
Check for exactly 1.0 or -1.0 to avoid ArcCosine problems

IAuthor sCapt Dave Vallado USAYA/OFAS 719-472-4109 14 Sep 1990

i nputs
I Vecl - Vector number 1
I Vec2 - Vector number 2

Ioutputs
I Theta -Angle between the two vectors -Pi to P1

ILocals
I Temp -Temporary REAL variable

Iconstants
I Undefined - Undefined flag for a variable
I small - Tolerance factor

ICoupling I
I DOT Dot Product of two vectors
I Arccos Arc Cosine, function

--- ---------------------------------------------------------------------------- )

PROCEDURE ANGLZ Vecl,VecI t Vector;
VAR Theta Extended ,

CONS?
Small t Extended a 0.000001i
Undefined: Extended =999999.11

VAR
Tamp i Extendeds

BEGIN
IF Vocl(41*Vec2(4) > SQR(Small) THN
BEG IN

Teaps: DCT(Vocl,Vec2) / (Vecl(4U'Vec2!4))j
Ir ADS( Temp ) >1.0 TRM

Tamp:n SGN(Temp) * .0k
Theta%= ARCCOS( Temp )

END
ELSE
Thetai: Undefined;

END; ( Procedure Angle



PROCXDURN QUADRATIC

IThis procedure solves for the two roots of a quadratic equation. There are
n ro restrictions on the coefficients, and imaginary results are passed

I out as separate values. The general form is y = ax2 + bx + c.

IAlgorithm :Initialize all values
Pind discriminate

I Use discriminate value to separate the root calculations

IAuthor : Capt Dave Vallado USAPA/DIAS 719-472-4109 18 Jun 1990

iInputs 3
I a - Coefficient of x squared term
I b - Coefficient of x term

a - Constant

Ioutputs
I Rlr - Real portion of Root 1
I R11 - Imaginary portion of Root 1
I R2r - Real portion of Root 2
I R21 - Imaginary portion of Root 2

ILocals
I Discrim - Discriminate b2 - 4&c

Iconstants 2
I None.

ICoupling S
I None.

IReferences
I Escobal pg. 433-434

I---------------------------------------------------------------}

PROCEDURE Quadratic Ca,b,c i Zxtendedl
VAR Rlr,Rli#R2r,R2i M xended )

VAR
Discrim i Kxtend*411

BEGIN
( ------------------- Initilaize-----------------------)
Rir: 0.01
R1:= 0.01
R2rt: 0.01
R21tm 0.01

Discrim: b'b - 4.0*a'cl

(.------------------- Real roots-------------------------}
IF Discrim > 0.0 THZl
BEGIN

Rlirt: ( -b + SQRT(Discrim) ) / ( 2.0*a )1
R2ri: ( -b - SQRT(Discrim) ) / ( 2.C~a )s

ELSE
------------------ Comolex roots ------------------

BEGIN
Rlr:z -b /(2.O*a )
R2rtz Rlrt
fills: SQRT(-Dlscria) / (2.O*a )
R2i:= -SQRT(-Discrim) / C2.0*a )i

END; ( Procedure Quadratic
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PROCEDURE CUBIC

This procedure solves for the three roots of a cubic equation. There are
no restrictions on the coefficients, and imaginary results are passed
out as separate values. The general form is y = ax3 + bx2 + cx + d. Note
that RlU will ALWAYS be ZERO since there is ALWAYS at least one REAL root.

Algorithm s Initialize variables
Find correct coeffcients for the form of solution
IF Delta is positive

IF Delta is zero

else
find answers where Delta is negative

Author : Capt Dave Vallado USAFA/DVAS 719-472-4109 18 Jun 1990

nputs
a -Coefficient of x cubed term
b - Coefficient of x squared term
c - Coefficient of x term
d - Constant

OutPuts
Rlr - Real portion of Root I
Rli - Imaginary portion of Root 1
R2r - Real portion of Root 2
R2i - Imaginary portion of Root 2
R3r - Real portion of Root 3
R3i - Imaginary portion of Root 3

Locals
Templ - Temporary value
Temp2 - Temporary value
Rootl - Temporary value of the root
Root2 - Temporary value of the root
Root3 - Temporary value of the root
P - Coefficient of x squared term where x cubed term is 1.0
Q - Coefficient of x term where x cubed term Is 1.0
R - Coefficient of constant term where x cubed term is 1.0
Delta - Discriminator for use with Cardans formula
S 0 - hagle holder for trigonometric solution
Phi - Angle used in trigonometric solution
CosPhi - Cosine of Phi
SinPhi - Sine of Phi

Constants S
Rad - Radians per degree
Small - Tolerance factor
OnoThird - 1.0/3.0

Coupling
ATAN2 Arctangent including check for 180-360 dog

References
I scobil pg. 430-433

- - 2---- -------------------
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PROCEDURE Cubic (a,bc,d tExtended;
VAR Rlr,Rli,R2r,R2i,R3r,R3i: Extended )

CONST
Rad : Extended x 57.29577951308230;
oneThird t Extended = 1.0/3.01
Small : Extended z 0.000001;

CoVARinh~Pi: xedd
tempi, temp2, Rooti, Root?, Root3p P, Q# R, Delta,

BEGIN
( ------------------- Initialize-----------------------I
Rlr := 0.0;
R113 0.0;
R2r s=0.0;
R21 0.0;
R3r g0.0;

R31 3 0.0;
Rootl:= 0.0;
Root2:: 0.01
Root3:= 0.0,

( ----------- Force coefficients into std form----------------)
P:= B/A;
Q:= C/A;
R:= D/A;

a:= OneThird*C 3.0*Q - P*P )I
bt= (l.0/27.0)*( 2.0*P*P*P - 9.0*P*Q + 27.0CR )i

Delta:= Ca*a*a/27.0) + (b*b/4.0)l

( ---------------- Use Cardans formula----------------------I
IF Delta > Small THRM
BEGIN

Toe.l;: C-b*0.5)+SQRT(Delta)l
Temp?:: C-b*0.5)-OQR!(Dolta);
IF ABS(Templ) > Small THIN

Templi SGN(Templ)*POWER( MG(Templ)'Tompl,OneThird )
IF ABS(Temp2) > Small THEN

Temp21= SGN(?oM2)*P0WflC 8GN(Tsmp2)*Temp2,OneThird )
Rootl:: Templ + Temp2;
Root?:: -0.5*(T.Vl + Temp2);
Root3:= -0.5*(ToVmp + Temp2)s
R2i:: -0.S*SQBT( 3.0 )*(Templ - Toep2)1
R31:= -R21j

END
ELSE
-------------- EValuate vero point --------------
BEGIN

IF ABS( Delta ) < Small THIN
BEGIN

IF ABS(b) > Small THIN
BEGIN

RootI:: -SGN(b)*2.0*POWZR( SGN(b)*b/2.0,OneThlrd )I
Root2:= SGN(b)*POWUR( SGM(b)*b/2.0,OnsThIrd )
Root3s: Root2p

END;
e lse lot them be 0.0 since b is 0.0

END
ELSE

---------Use trigonometric Identities ---------------I
BEGIN

to ix 2.0*B0RT(-&*0neThird)l
CosPhi:: (-b/C2.0*SQRT(-a*a*a/27.0)) )I
SinPhi:= SORT( 1.0-CosPhi*CosPhi )I
Phi :a ATAN2( SinPhI,CosPhL )I
Rootl:= EO*Cos( Phi*On*Third )p
Root?:: 20*Cos( Phi'OneThird + 120.0/Rad );
Root31= EO*Cos( Phi*0n*Third + 240.0/Rid )I

END;
END;

Rlr:z Rootl - P*On*Thirdt
R2r:= Root2 - P*On*Thirdi
R3r:= Root3 - P*OneThirdl

END; ( Procedure Cubic
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PROCEDURE QUARTIC

I This procedure solves for the four roots of a quartic equation. There are
no restrictions on the coefficients, and imaginary results are passed
out as separate values. The general form is y = ax4 + bx3 + cx2 + dx + e.

Algorithm t

Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 18 Jun 1990

Inputs
a - Coeficient of x fourth term
b - Coefficient of x cubed term
c - Coefficient of x squared term
d - Coefficient of x term
e - Constant

OutPuts
Rlr - Real portion of Root 1
Rli - Imaginary portion of Root 1
R2r - Real portion of Root 2
R2i - Imaginary portion of Root 2
R3r - Real portion of Root 3
R3i - Imaginary portion of Root 3
R4r - Real portion of Root 4
R41 - Imaginary portion of Root 4

Locals
Tempi - Temporary value
Temp2 - Temporary value
Rootl - Temporary value of the root
Root2 - Temporary value of the root
Root3 - Temporary value of the root
s - alternate variable
h - Temporary value
hSqr - h squared
hCube - h Cubed
P - Term in auxiliary equation
o - Term in auxiliary equation

I R - Term in auxiliary equation
Delta - Discriminator for use with Cardans formula
EO - Angle holder for trigonometric solution
Phi - Angle used in trigonometric solution
CosPhi - Cosine of Phi
SinPhi - Sine of Phi
RPrime - Values of roots before final work
Temp - Temporary variable in finding MAX RPrimo
Eta - Constant coefficient in quadratic solutions
Beta - Constant coefficient in quadratic solutions

Constants
Rad - Radians per degree
Small - Tolerance factor
OneThird - 1.0/3.0

Coupling
ATAN2 Arctangent including check for 180-360 dog

References I
Escobal pg. 430-433

-------------------------------------------------------------------------
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PROCEDURE Quartic ( abtcd,. Extended;
VAR Rlr,Rli,R2r,R21,R3r,R3i,

COkR4r,R4i : Extended )I

Rad : Extended = 57.29577951308230;
OneThird : Extended =1.0/3.0;
Small : Extended = 0.000001;

VAR
Templ, Temp2, Rooti, Root2, Root3, s, hi, P, Q, R, Delta, 30,
CosPhi, SlnPhl, Phi, RPr~in*, hSqr, HCube, Eta, Beta, temp : Extended;

BEGIN

Rlr 0.0;
Ru 2 0.0;
R2r t= 0.0;
R21 s= 0.0,
R3r 0.0i
R31 0.0;
R4r s= 0.0;
R41 t= 0.01
Rootl:= 0.0;
Root2:= 0.0;
Root3:= 0.0;
({----------- Force coefficients Into std form----------------I
b;= B/A;
c:= C/A;
d:= fl/A;
e0:= /A;

Ht= -b/41
HSqr:= SQR( H )I
HCubes= HSqr * Hi

P: 6.0*HSqr + 3.O*b'h + c;
Q;= 4.0'NCube + 3.0*b*HSqr + 2.0*c~h + dl

R:= h*HCube + b*MCub* + c*HSqr + d'h +4e;

a:= (1.0/ 3.0)*( -P'P-l2.0*R )I
b;= (l.0/27.0)*( -2.0*P*P*P472.0*P*R-27.0*Q*Q )
s:= -(2.0/ 3.0)*P;

Delta:= (a*a*a/27.0) + (b~b/4.0);

BEGIN

----------------- Use Cardans formula----------------------I
IF Delta > Small THIN
BEGIN

Tempt: (-b*0.5)4SQRT(Delta)l
Temp2s= (-b*0.5)-SQRT(Delta)1
IF ABS(Templ) > Small THEN

TempI:: SGN(Templ)*POWRR( SGN(Templ)*Templ,On9TIrd )
IF ABS(Temp2) > Small THZN

Temp21= SGN(Tomp2)*PQWIR( SGN(Temp2)*Temp2,0n*ThIrd )
Rootl:= Tempi + Temp2;
Root2:= -0.5*CTempl + Temp2);
Root3s= -0.5'(Templ + Temp2)l
R21tz -0.5*SQRT( 3.0 )*(Templ - Temp2)j
R3i:: -R21;

END

---ES ---- Evaluate zero point -------------------------
BEGIN

IF ABS( Delta ) < Small THEN
BEGIN

IF ALBS(b) > Small THEN
BEGIN

Rootl:= -SGN(b)*2.0*POWER( SGN(b)*b/2.0,oneThird )
Root2:= SGN~b)*POWRR( SGN(b)*b/2.0,On9ThIrd )
Root3:: Root21

END;
{else let them be 0.0 since b Is 0.0

END
ELSE

---------Us$ trigonometric Identities ---------------
BEGIN

20 a 2.0*SQRT(-a*OneThird);
CosPhi:= (-b/(2.0*SQRT(-a*ata/27.0)) )I
SinPhi:= SQRT( 1.0-CosPhI*CosPhi )I
Phi :z ATAN2( SInPhi,CosPhi )
Rootl:= EO*Coa( Phi*OneThird )i
Root21= &0*Cos( PhI*OneThird + 120.0/Rad )
Root3i: 8O*Cos( PhI*OneThird + 240.0/Rad )

END;
END;
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------ -- Find largest value of root - -
RPrimes= Rootl+s;
IF (RPrime < Root2+s) and (ABS(R2i)<0.0001) THEN

RPrimet= Root2+s
IF (RPrime < Root3+s) and (ABS(R3i)<0.0001) THEN

RPrimet= Root3+sj

----- Evaluate coefficients of two resulting Quadratics ....
IF RPrim. > Small THEN
BEGIN

Eta s= 0.S*( P + RPrima - O/SQRT(RPrim) );
Betas = 0.S*( P + RPrime + O/SQRT(RPriue) )i

END

ELSE
BEGIN

Eta := O.5*P;
Betas= 0.5*P;

END;

Quadratic( 1.0, SQRT(RPrime),Eta, Rlr,Rli,R2r,R2i );
Quadratic( l.0,-SQRT(RPrime),Beta, R3r,R3i,R4r,R4i )g

END ( If Q > Small 
ELSE
BEGIN

------ Case where solution reduces to a quadratic- ----
Quadratic( 1.0,P,R, Rlr,Rli,R2r,R2i )I
Rlrs= SQRT( Rlr )I
Rh1:: SQRT( Rli )I
R2ris SQRT( R2r )I
R2is= SQRT( R2i );
R3rt= -Rlr;
R3is = -Rli,
R4r$= -R2rj
R4i:= -R2i;

END;

Rlrt= Rlr + h;
R2rt= R2r + h;
R3r:= R3r + hi
R4r:= R4r + h;

END; { Procedure Quartic }

B
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I PROCEDURE INITHATRIX

IThis procedure initializes the matricies in pascal. Notice the us* of a
I record structure. This allows for arrays to be as large as needed,
I provided memory exists. Also note each ties this is called, NNW is
I invoked. Thus, you can have Heap and memory problems if you don't use
I DelMatrix to clear the pointer valuell

IAlgorithm :Loop through the Rows
Loop through the cola

I Assign a NEW pointer and all record fields
Build the doubly linked list of pointers

IAuthor :Capt Dave Vallado USAPA/DIAS 719-472-4109 24 Jan 1990

IInputs
I Rows -number of rows for the matrix
I cola Number of columns for the matrix

Ioutputs
I A -matrix to be Initialized

ILocals
I i index
I j -index
I kextData M T to next data value

Iconstants
I None.

Icoupling
I None.

----------------------------------------------------------- I

PROCEDURE Init~atrix (RowsCols sInteger;
VAR A s Matrix )I

VAR
i~j :Integer;

NextData t MatrixDat&Ptr;
BEGIN

NEW( A )
A^.NumRowss= Rows;
A^ .Numolsin Cols;
A^ .DPtr I= NILY
A^.Head := NIL;
A^.Tall t= NIL;

FOR 1:=l to Rows DO
BEGIN

FOR j1= 1 to Cola DO
BEGIN

Now( NextData )
With NextData^ Do

BEGIN
index tx CI-1)*A.Numols +4J
Number:z 0.0;
Next :a )ILI
Last sm NIL;

IF A^ .DPtr =NIL THNN
BEG IN

NextData^ .Lasts= NIL;
A^.Head 3NextData;

END
ELSE
BEGIN

NextData^ .Lasttc A^ .Taill
A' .Tail^ .Next tz NextData;

END;
A^.Tail su NextData;
A^.TaI1%Nmxt:a NIL;
A .DPtr 3= NextData;

END;
END;

END; ( Procedure Enit~atrixI
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PROCEDURE DELMATRIX

This procedure deletes a matrix in pascal. Notice the use of a
record structure. It's important to clear the values when no longer
needed, or when they will be created again.

Algorithm Start at the head of the pointer list
Loop while not pointing to NIL

Dispose of each pointer
Dispose of the last pointer

Author a Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Oct 1989

nputs
A - Matrix to be deleted

OutPuts a
A - Former Matrix

Locals I
I - Index
I J - index
Tamp - PTR to data value
NextTemp - PTR to next data value

Constants
None.

Coupling t
None.

-------......... ...... ... ....------------------------------------------I

PROCEDURE DelMatrix ( VAR A I Matrix )p
VAR

Iij : Integer;
Temp,NextTemp : HatrlxDataPtr;

BEGIN
Tamp := A^.Head;

WHILE Temp .Next <> NIL DO
BEGIN
NoxtTemp

= 
Temp^Nextj

DISPOSE( Tamp )i
Temps = 

NextTemp,
END;

DISPOSE( Temp );
DISPOSE( A );

END; ( Procedure DelMatrix I

o
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I FUNCTION GETVAL

IThis function gets a value from the record structure. The function is
I necessary to decode the data. it's set up to resemble the standard
I array format, however, I's are replaced by (It.

IAlgorithm 3 Find the index where you desire to get data
Loop forward or backward to the desired index

AuthorAssign the value

Author :Capt Dave Vallado USAFA/DFAS 719-472-4109 24 Jan 1990

i nputs
I A - matrix
I Rows - Row number of desired element
I Cols - Col number of desired element

Ioutputs
I GetXVal -Value of the Row,Col point

ILocals
I i -index

I j -index

Iconstants
I None.

ICoupling
I None.

------------ ------------------------------------

FUNCTION GetVal CVAR A 3 Matrix;
Row,Col i Integer ) E xtendodl

VAR
i,j : Integer;

BEGIN
jt- (Row-l)*A^.NUNols + Col;

WHILE ( j > A4.DPtr^.Indox ) and CA^.OPtr^.Next C- NIL )DO
A^.DPtr:= A^.DPtr^.Nexti

WHILE C j < A^ .DPtr . Index ) and (A^ .DPtr^.LASt <> NIL )DO

GetVal:= A^ .DPtr^ .Numberi

ENOI ( Function GetVal)
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I PROCEDURE ASSIGNVAL

IThis procedure assigns a value to th. record structure. This is
I necessary to decode the data. it's set up to resemble the standard
I array format, however, [Is are replaced 6y (Is.

IAlgorithm % Call getval to got the pointer at the correct index location
Assign the value to the pointer variable record field

IAuthor : Capt Dave Vallado USAFA/DYAS 719-472-4109 24 Jan 1990

IInputs
I A - Matrix
I Rows - Row number of desired element
I Cols - Col number of desired element
I Number - Value to assign at the desired location

Ioutputs
I A -Matrix

ILocals
I I Index

I j -index

IConstants
I None.

ICoupling
I None.

--- ----------------------------------------------------------------------------)

PROCEDURE AsslgnVal (VAR A : Matrixi
Rov,Col : Integer;
Number t Extended )I

VAR
Temp : Extended:

BEGIN
Temps= GetVal( A,Row,Col )
A^.DPtr^.Numbers: Numberl

END; ( Procedure AssignVal
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PROCEDURE MatMult

This procedure multiplies two matricies together.

Algorithm Initialize the pointers for the result matrix
Loop through the Rows

Loop through the Cols
Loop through an index

Multiply and add up each cell value

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs
Hati - Matrix number 1
Mat2 - Matrix number 2
Matlr - Matrix number 1 rows
Matic - Matrix number I columns
Mat2c - Matrix number 2 columns

OutPuts
Mat3 - Matrix result of Matl * Mat2 of size matlr x mat2c

Locals
Row - Row Index
Col - Column Index
ktr - Index

Coupling
None.

References
None.

.... --------.......... .......--------------------------------------------

PROCEDURE MatMult ( Matl,Mat2 : Matrix,
MatlrMatlc,Mat2c t Integer I
VAR Mat3 : Matrix )I

VAR
Row,Col,ktr 3 Integeri

BEGIN
lnltMatrix( Natlr,Mat2c,Mat3 )I

FOR Row:=l to matlr DO
FOR Col:= I to mat2c DO

BEGIN
FOR ktr:= I to matlc DO

AssignVal( Mat3,Row,Col, GetVal(Mat3,Row,Col)+GetVal(Matl,Ro. ,ktr)'
GetVal(Mat2,ktr,Col) )IEND;

END; ( Procedure NatMult )
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I

--------------- --- -------------- --------------------- --- ----- -- ------ - -----

PROCEDURE MatAdd

I This procedure adds two matricios together.

Algorithm : Initialize the pointers for the result matrix
Loop through the Rows

Loop through the Cols
Add up each cell value

Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 26 Jun 1989

Inputs
Mati - Matrix number 1
Mat2 - Matrix numbir 2
Matlr - Matrix number 1 rows
Matlc - Matrix number 1 columns

OutPuts 3
Mat3 - Matrix result of Matl + Mat2 of size matlr x matlc

Locals
Row - Row Index
Col - Column Index

Coupling
None.

References

None.

---- ----------------------------------------------------------------------------I

PROCEDURE MatAdd ( Matl,kat2 s Matrixj
Matlr,Matlc a Integer
VAR Mat3 a Matrix )I

VAR
Row,Col : Integerl

BEGIN
InitMatrix( Matlr,Matlc,Mat3 )I

FOR Row t= I to Matlr DO

FOR Col tl to Matlc DO

AxsignVal( Mat3,RowCol, GetVal(MatlRow,Col) + GetVal(Mat2,Row,Col) )i

END; { Procedure MatAdd I

B
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PROCEDURE MATTRANS

IThis procedure finds the transpose of a matrix.

IAlgorithm Initialize the pointers for the result matrix
I Loop through the Rows

LOOP through the Coln
Transpose each cell value

IAuthor sCapt Dave Vallado USAPA/DFA8 719-472-4109 12 Aug 1988

IInputs
I Mati - Matrix number 1
I Matir -Matrix number 1 rows
I Matic -Matrix number 1 columns

Ioutputs
I Mat2 -Matrix result of transpose Mat2

ILocals
I Row - Row Index
I Col - Column Index

Icoupling
I None.

IReferences
I None.

----------------------------------------------------------- I
PROCEDdRE NatTrans (Mati : Matrix;

Matir,MatlC : IntegerI
VAR Mat2 :Matrix )

VAR
Row,Col : Integer;

BEGIN
Inltl~atrix( Natlc,Natlr,Mat2 )I
F'OR Row :=l to Matlr DO

FOR Col. := 1 to Natic DO
AssignVal( Hat2,Col,Row, GetVal(Matl,Row.Col) )I

END; Procedure NatTrans



PROCEDURI LUDSCOMP

This procedure decomposes a matrix into an LU form.

Algorithm I

Author t Maj Tom Riggs USAFA/DFAS 719-472-4109 27 Apr 1989
Capt Dave Vallado USAFA/DIAS 719-472-4109 1 Aug 1989

Inputs
Order - Order of matrix

Outputs
LU - LU decomposition matrix
Index - Index vector for pivoting

Locals
i - Index
I - Index
k - Index
Imax - Pivot row pointer
Scale - Scale factor vector
Sum - Temporary Variables
Aax - Temporary Variables
Dum - Temporary Variablek

Coupling
None.

References
Numerical Recipes - Flannery

---- ------------------- --------------------------------------------------------I
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)
PROCEDURE LUDeComp ( VAR LU : Matrix;

VAR Index : Intarray;
Order : INTEGER );

Const
Small : Extended = 0.000001;

Var

I, J, K, TMax : Integer;
Scale : Matrix;
Sum, AMax, Dum : Extended;

BEGIN
InitHatrix( Order,l,Scale );
IMax := 0;
FOR I := I to Order do

BEGIN
AMax : 0.0;
FOR J :1 1 to Order do

IF (Abs(GetVal( LUi,j)) > AMax) THIN
AMax :- Abs(GetVal( LUi,J)),

IF hMax = 0.0 then
BEGIN
Write(' Singular Matrix ');
halt;

AssignVal( Scale,i,1, 1.0 / Max );
END;

FOR j := 1 to Order do
BEGIN
FOR I := I to J - I do

BEGIN
Sum := GetVal( LUlj);
FOR k := I to I - I do

Sum :a Sum - GetVal( LU,i,k)*GetVal( LU,k,J);
AuslgnVal( LU,i,j, Sum );

END;
AMax :: 0.0;
FOR I := j to Order do

BEGIN
Sum := GatVal( LUi,j);
FOR k t

= 
I to j - I do

Sum := Sum - GetVal( LU,i,k)*GetVal( LU,kj);
AssignVal( LUij, Bum );
Dum : GetVal( Scale,i,l )*Abs(Sum);
I? (Dum >x AMax) then
BEGIN

IMax 1= I;
AMax := Dun;

END;
NDI

IF (j <> Imax) then
BEGIN

FOR k := I to Order do
BEGIN

Dum := GetVal( LUimax,K);
AssignVal( LU,Imax,k, GetVal( LU,J,k ) );
AssignVal( LU,J,k, Dum );

END;
AssignVal( Scale,imax,l, GetVal( Scale,j,l) );

END;
Index[j] &= Imax;
IF Abs(GetVal( LU,J,J)) < Small THEN

BEGIN
Write(' Matrix Is Singular ');
halt;

END;
IF (j <> Order) THEN
BEGIN
Dum := 1.0 / GetVal( LU,J,J);

FOR i := J + 1 to Order do
AssignVal( LU,i,j, Dum*GetVal( LU,i,j) 3;

END;

DelMatrix( Scale );
END; { Procedure LuDeCmp



PROCXDURZ LUBkSUB

O This procedure finds the inverse of a matrix using LU decomposition.

Algorithm t

Author t Maj Tom Riggs USAFA/DFAS 719-472-4109 28 Apr 1989
Capt Dave Vallado USAFA/DFAS 719-472-4109 1 Aug 1989

inputs 3

order - Order of matrix
LU - LU decomposition matrix
Index - Index vector for pivoting

Output$ 3B - Solution Vector

Locals I
I - Index
I - Ihdox
I10 - Pointer to non-zero element
IPtr - Pivot Rwo Pointer
Sum - Temporary Variables

Coupling
None.

References I
Numerical Recipes - Flannery

------------------------------------------------------------------------

PROCEDURE LUBkSub ( LU i Natrixj
Index t Intarrayi
Order : INTNGERj
Var B i Matrix )I

VAR
I, J, IPtr, 10i Integer!
Sum i Extendedi

BEGIN
10 := 0;
FOR I ix 1 to Order DO

BEGIN
IPtr :% Indox(I~i

Sum tu GetVal( B#IPtr,l)j
AssignVal( 3,Iptr,l, GetVal( ,i,l) )I
IF (10 <> 0) then

FOR I 8 10 to I - 1 do
Sum := Sum - GetVal( LUIIJ)*GotVal( BIjl)

ELSE
IF (Sum <> 0.0) THEN

10 t= I
AssignVal( B,i,l, Sum )I

ENDI

AssignVal( B,Order,l, GetVal( B,Order,l)/GetVal( LU,Order,Order) )p

FOR I s= (Order - 1) Downto 1 DO
BEGIN

Sum := GetVal( B,i,1)f
FOR J t= I + 1 to Order do

Sum t= Sum - GetVal( LUij)*GotVal( Bj,l):
AsuignVal( B,1,1, Sum / GetVal( LU,i,i) ):

END$FCD

0



I PROCMDURX HATfIVMOE

IThis procedure finds the inverse of a matrix using LU decomposition.

IAlgorithm

IAuthor t Maj Tom Riggs UBAFA/DFA8 719-472-4109 26 Apr 1989

input:Capt Dave Vallado USWA/DiAS 719-472-4109 1 Aug 1969

HaI Matrix to Invert
OreI Order of matrix

Ioutputs I
I atiriv -Inverted matrix

ILocals
I I -Index
I j -Index

iIndex -index vector for pivoting
I LU - LU deooposition matrix
I B - operation~al vector to forsi Hatlav

Icoupling
I None.

IReftrences a
I Numerical Recipes F lanniery

PROCEDURE MatInverse N at I Mtrix;
Order I I)NG;k
VAR MAtInV t matrix )I

VAR
I, J aIntegerl

Index aIntarray;
LU,B Mttixj

BEGIN
InitMatrix( Order.Order, LU )I
InIt~atrix( Order,1, I )I
Init~atrix( OrderjOrdse Hatlnv )I

FOR I sw I to Order DO
BEGIN

WWd~I] ix Ii
FOR j a I. to Order DO

AssignVal( WU1i0j, GetVal( Matoifj) )

LUDeComp(LU# Index, Order);

FOR j sm 1 to Order DO
BEGIN

FOR I t= 1 to Order DO
IF (1 a j) THEN

AssignVal( 3,11,1 1.0
ELSE

AssignVal( 3,1,1, 0.0 )

LUBkSub(LU, Index# Order, 3);

FOR I sm 1 to order do
AssignVal( Uatlaivti,j, GetVal( 3,1,3) )I

Del~atrix( LU )I
Oel~atrix( S )i

END; ( Procedure NatInverse



PROCEDURE PRINTHAT

This procedure prints a matrix.

Algorithm t Write out the title for the matrix
Loop through the rows and print out 1 row at a time

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 11 Oct 1989

Inputs t
Matl - Matrix to print out

OutPuts
None.

Locals
Row - Row Index
Col - Column Index

Coupling a
None.

----------------------------------------------------------------- ----------------- I

PROCEDURE PrintMat (Natl t Matrix,
Title $ STR64 )p

VAR
RoWCOl 3 Integerl

BEGIN
Writeln( Title )I
FOR Rows= I to atl'.NuaRows DO
BEGIN

FOR Colt= I to Natl^.NumCols DO
BEGIN

Write( ' '1,GetVal( Iatl,RowCol)sl2s$ )I
IF (Col MOD 6 0) and ( atl^.NumCols > 6) THEI
BGIN
WriteLnj
Write(

0 NDE
WriteLnj

ENDI
ENDI { Procedure PrintHat I

e{
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FUNCTION DETERMINANT

This function calculates the determinant value using L-U decompisition.
The formula must have a NON-ZD.O number in the 1,1 position. IF the
function senses a NON-Z3RO number in row 1, it exchanges rowl for a row
WITH a NON-ZERO number.

Author i Capt Dave Vallado USAFA/DVA8 719-472-4109 12 Aug 1968

I nputs
Order - Order of determinaent (# of rows)
Marl - Matrix to find determinant of

OutPuts I
Determinant - Result

Locals
i - Index
j - Index
k -Index
n -Index
Temp
D
Sum
L
U
Small - Tolarar- s for comaring to 0.0

Coupling
Marion pg. 168-172, 126-127

------- -- ---- - --------------



FUNCTION DETERMIHANT ( ati I Hatristj
Order aInteger i Uxstendeidl

CONS!
Small a Extended =0.0000011

VRisjokon t Integer;
Tamp, D, Sum & Extended;
L, U : Katrixj

BZGIN

(-- Switch a non zero row to the first row
ip ADS( GetVal( Natlol,1 < Sm( all THEN
BEGIN

jim 11
WHILE J <= Order DO

BEGIN
It ADS( GotVal( Xatl,j,l ))> Small THEfh
BEGIN

FOR kt= 1 to Order DO
BEGIN
Tompaw GetVal( Matl,lok
AshignVal( Matl~ljk# Getyal( Xatl,j,k ))
AssignV&l( Matl,jk, Temp )I

ENDI
Jim Order + li

CUD;

END, { IF ADS(Nat1(Ill) < Small)

FOR it= 1 to Order DO
AsaignVal( L,1,1, GetVal( Mtlfifl ) )I

FOR Jim I to Order DO
AsagignVal( U~l#J, GetVal( Matl,l,j ) / GetVal( L11l ))

FOR Jim 2 to Order DO
BEGIN

FOR It= j to Order DO
BEGIN

Sum:= 0.01
FOR kim 1 to J-1 DO

Sums= Sum+ GetVal( Lsilk )* GetVal( U~k,j )I
hasignVal( L, iiJ, GetVal( Matl,i,j )- Sum )

END; for i
AsuignVal( U,j,J, 1.0 )1
IF I <), Order THEN

BEGIN
FrOR is= 1+1 to order DO
BEGIN

Sums= 0.0;
FOR kim I to j-l DO

Sums= Sun + GetVal( L,J,k)* GetVal( Ujk,i )
A7*LgnVal( U#,,,( (3etVal( Natlgj,i)-Sum)/ GetVal( L,J#j ))

END; f ori)
END; { f I

END; (tfor )
Ds= 1.0;
FOR It= 1 to Order DO

Dim D* GetVal( L,i*i);
Determinants= DI

END; ( Function Determinant
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APPENDIX C

FORTRAN SOURCE CODE

TECHNICAL ROUTINES
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• N4odule - ASTROL"h.FOR *

This file contains fundaental Atrodynamic Subroutines and Fuhctions.

111111 USE IV ASTROCOURSE$ IS WRISSLY FORBIDDEN 111111

• ***************NOTICE OF GOVERJINT ORIGIN ********

* This software has been developed by an employee of the United States •
* Government at the United States Air Force Academy, and Is therefore *
* a work of the United States, and is NOT subject to copyright protection *
* under the provisions of 17 U.S.C. 105. ANY use of this work, or *

inclusion in other works, must comply with the notice provisions of *
• 17 U.S.C. 403. •
• *

• *

• Author i Capt Dave Vallado, USAPA Dept of Astronautics *, ,
* Coml 719-472-4109, Autovon 259-4109 / 4110 *

• Current 1 30 Jan 91 Capt Dave Vallado VIRSON 3.0 *
* •

• Changes s 28 Jan 91 Capt Dave Vallado *
w .

• 25 Jan 91 Capt Dave Vallado *
• Update to Lahey Ver 3.0 / FORTRAN 90 *
• 20 Sap 90 Capt Dave Vallado VERSION 2.1 •
• Misc fixes to speed up •
• 20 Apr 90 Capt Dave Vallado VERSION 2.0 *
* *

• 19 Dec 89 Capt Dave Vallado *
• Version 1.4 *
* 24 Apr 89 Capt Dave Vallado C
• Version 1.2 *
• 12 Feb 89 Capt Dave Vallado *

• Standardized format
• 28 Sep 88 Capt Dave Vallado *
• Added W04 and DNS to Rad conversions *
• 30 Aug 88 Capt Dave Vallado VERSION 1.0 *

*--------------------------------------------------------------------

• ---------------------- Routines for time calculations ---
*

* Subroutine JulianDay ( Yr,%onD,HN.S JD
.
* Subroutine DayofYr2HDHIHS ( Yr,Days, Mon,D,H,N,S

* Subroutine InvJulianDay ( JD YrMon,DH,MS

• Subroutine FindDays ( Year*MonthDayHrMinSec, Days

* Function GSTime ( JD

* Function GSTimO ( Yr

• Subroutine LSTime ( LonJD LSTGST

• Subroutine SunRiseSet ( JDateLatLonWhichKind,
a UTSunRIse,UTSunSet )

* Subroutine H4StoUT ( HrHinSoc UT

* Subroutine UTtoHHS ( UT HrHlnSec
.
* Subroutine HHStoRad ( HrMInSec HKS)

it

Subroutine RadtoHlS ( 1[4S Hr,MinSec )

* Subroutine DMStoRad ( Deg,Nin,Sec DS)

* Subroutine RadtoDHS ( DNS DeginSec



-------- Routines foz Technical 2-Body calculation ------

* Subroutine Site Lat,Alt#Lstp RS,VS

* Subroutine RVToPOS 3Rio,As,3l,DRho,DAz#Dgl
* DRhovoc,DRhovac )

* Subroutine Track (Rlio,Az,g1,DRho,DAs,DRILat,Lat,RS

* Subroutine RAZUL (R,V,R6,Lat,Lat Rho,hz#B1,
* DRho,DAs,Dgl

* Subroutine BLORB (R,V P,A,K,Inc,Ofega,
* Argp,Nu,N,U,L,CapPi)

* Subroutine Randy P#ZoIncOmegaArgp,Nu#U,L,CapPi

* Subroutine Gibbs (Rl,R2,R3 V2,Thetarflt

* Subroutine HerrGibbu Rl,R2,R3,JDI,JD2,JD3
* V2,Theta,tlt)

* Subroutine FindCandS (N~ 2evCmevSmew

* Subroutine NewtonR ( ' 3,1 IONu

* Subroutine Kepler (Ro,Vo,Time #

* Subroutine Gauss (Rl,R2,D44,Time Vi,V2

* Subroutine IJKtoLatLon (R,JD GeoCflLat,Lon

* Subroutine Sun J D Rgun,Rthsc#Decl

* Subroutine Noon J D R)4oon,RtAscDecl

* Subroutine PlanstRV (NuMPlanet,JDI R,V

* Function Geocentric CLint

Function InvGeocentric (Lat)

* Subroutine Sight (RL,R2, LOS

* Subroutine Light (R,JD, LIT

* Subroutine 014S2 (Lat#Lon.Alt,Phi,Ax,Speed,3D, RV

------------ Routines for ICBM calculations -----------------

* Subroutine RngAx ( LLat,LLon,TLat,TLon,TOP
* Range# A2

* Subroutine Path ( LLat, LLont Range, Ax
* TUsti TLon

* Subroutine Trajec ( LLat,LLon,TLat,TLonRbo,O),TypePhi
* Rang*,Phi,TOF,hz,
* ZICPhi,ICVbo,ICRboiVN



*-- Routines for orbit transfer calculations-

* Subroutine Hohmann ( RI,R3,el,e3,Nu,Nu3,
DaIVa,DolVb,TOF )

* Subroutine OneTangent ( Rl,R3,o1,e3,NuI,Nu2,Nu3,
* DelVa,DelVb,TOF )
* Subroutine GeneralCoplanar( RlR3,ol,e2,e3,Nul,Nu2a,Nu2b,Nu3,
* De IVa,DelVbTOF )

* Subroutine Rendezvous ( Rcsl,Rcs2,Phasel,NumRevs
* PhaseF,WaitTime
*

* Subroutine Interplanetary( Rl,R2,Rbo,RimpactMul,MutMu2,
* Deltavl,Deltav2,Vbo,Vretro )
,

* Subroutine Reentry ( VRe,PhiRe,BC,H, V,Decl,MaxDecl
*

* Subroutine HillsR ( R,V,alt,t, R1,VI

* Subroutine HIllsV ( R,alt,t, V
*

*

* ----- Routines for Technical perturbed calculations-----------

* ------- and numerical integration techniques-------------
*

* Subroutine Target ( Rlnt,Vlnt,RTgt,VTgtDmTOF,

* Vlt,V2tDVl,DV2
*

* Subroutine PKepler ( RoVo,Time R,V

* Subroutine J2DragPert ( lnc,Z,N,NDot, OmegaDOT,ArgpDOT,EDOT

* Subroutine Predict ( JD,JDlpochno,Ndot,3o,3dotinco,Omegao,
* OeegaDot,Argpo,ArgpDotMo,LatLonAlt,
* RtAsc,Decl,Rho,Aa,El )

* Subroutine Deriv ( Time,X, XDot

* Subroutine PertAccel ( R,VTime,WhIchOne,BC, APart

* Subroutine PDeriv ( Tim.,X,DerIvType,BC, XIot

* Subroutine RK4 ( ITime,DT,N,DerivType,BC, XDot

£ Subroutine ATNOS 4 R,Rho
* Subroutine CHEBY C ALT, PAlt,RhoAlt

---------------------------- CONSTANTS i--------------------
*

* Rad = 57.29577951308230 Degrees per radian
* HalfPi = 1.57079632679490
S P1 = 3.14159265358979

* TwoPi = 6.28318530717959

* OmegaEarth = 0.0588335906868878 Angular rotation of Earth (Rad/TU)
* RadPerDay = 6.30038809866574 Radians Earth rotates in I Sidereal day
* TW4In = 13.44685108204 Minutes in one Time Unit
* TUDay = 0.00933809102919444 DayS per Time Unit
* VIWmPerSec = 7.905366296149 KN/sec in one DU/TU

R EESqrd Z 0.00669437999013 Eccentricity of Earth's shape squared
* Flat = 0.003352810664747352 Flatenning of the Earth

J 32 0.00108263
* J3 -0.00000254
* 34 = -0.00000161
* GNS = 332952.9364 Gravitational Parametir of Sun DU3/TU2
* GHM 0.01229997 Gravitational Parameter of Moon DU3/TU2

o*



* SUBROUTINE JULIANDAY

0 This subroutine finds the Julian date given the Year, Month, D&y, and Time.
* The Julian date is defined by each elapsed day since noon, I Jan 4713 BC.
• Julian dates are measured from this epoch at noon so astronomers
• observations may be performed on a single *day*. The year range is
• limited since machine routines for 365 days a year and leap years are
• valid in this range only. This is due to the fact that 16ap ybars occur
• only in years divisible by 4 and centuries whose number is evenly
• divisible by 400. ( 1900 no, 2000 yes

• NOTEs This Algorithm is taken from the 1988 Almanac for Computers,
* Published by the U.S. Naval Observatory. The algorithm iA good for dates
• between 1 Mar 1900 to 28 Feb 2100 since the last two terms (from the
* Almanac) are commented out.
*

* Algorithm : Find the various terms of the expansion
• Calculate the answer

S *

* Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

* Inputs
• Yr - Year 1900 .. 2100
• Mon - Month 1.. 12
S 0 - Day 1 .. 28,29,30,31
• H - Universal Time Hour 0 .. 23
* M - Universal Time Min 0 .. 59
* Sec - Universal Time Soo 0.0 .. 59.999
*

• Outputs
J JD - Julian Date days from 4713 B.C.

* Locals
• Terml - Temporary REAL value
• Term2 - Temporary INTEGER value
• Term3 - Temporary ZNTEGIR value
• UT Universal Time days

* Constants I
* None.

• Coupling
N Mone.

• References
• 1988 Almanac for Computers pg. 32
* Escobal pg. 17-19
• Kaplan pg. 329-330

------------------------------------------------------------------

SUBROUTINE JullanDay ( YrI4onDHM,S, JD )
IMPLICIT NONE
INTEGER Yr,Mon,D,H,H
RRAL*8 8,3

--------------------------- Locals -----------------------------
REALES UT,Terml
INTEGER Torm2,Term3

---------------------- Implementation------------------------

TERMI = 367.00 * Yr
TER12 = INT( (7' (Yr+IN ( (Mon+9)/12)) ) / 4 )
TERM3 = INT( 275*Mon / 9 )
UT = ( (S/60.ODO + N) / 60.00 + H) / 24.0DC

JD = (TERMIl-TERM2+TERM3) + D + 1721013.5D0 + UT
RETURN
END

@*

.. . ..0



* SUBROUT INE DAYOIYR2MDHNS

*This subroutine converts the day of the year, fractional days, to the month
* day, hour, minute and second.

*Algorithm :Set up array for the number of days per month
* loop through a temp value while the value is <the days
* Perform integer conversions to the correct day and month
* Convert remainder into H X S using type conversions

*Author t Capt Dave Vallado USAFA/LXMS 719-472-4109 26 Feb 1990

*Inputs

* Yr - Year 1900 .. 2100
* Days - Julian Day of the year 0.0 .. 366.9

*Outputs

M on - Month 1. 12
* D - Day 1 .. 28,29,30,31

H 4 -Hour 0. 23
* 1 - Minute 0. 59
* Sec - Second 0.0 .. 59.999

*Locals

* dayyr - Day of year days
* Temp - Temporary real values
* IntTamp - Temporary Integer value

-I index

*Constants

* L)4onth[12) Integer Array containing the number of days per month

*Coupling

* None.

-------------- ---------------------------------------

SUBRO0UTINE DAYOFYR2b(DHXS ( Yr,Days, )4on#D#HtM#S
IMPLICIT NORM
REAL*8 Days,S
INTGER Yr, Mon, D, H4, N

-------------------- Locals ----------------------------
INTEGER IntTemp, I,Dayr
REL~p*8 Temp, L~onth(12)

------------ Set up array of days In month---------------------
DO 1=1,12

LMonth(i) =31
ENDDO
L~onth( 2) =28
L~onth( 4) =30
L~onth( 6) =30
L~onth( 9) =30
LKonth(il) =30
DayYr =AINT( Days

-------------- Find month and Day of month -------------------
IF ( INT( MOD( Yr-1900#4 ) ).ZQ.0 )THEM

LHonth(2)= 29
ENDIF

I= 1a
IntTemp= 0
DO WHIILE ( (DayYr.G;T.IntTemp*LMonth(i)).and.(I.LT.12))

IntTemp= IntTemp + L)4onth(I)
I= 1+1

ENDDO
Mon =I
D DayYr - IntTemp

---------- Find hours minutes and seconds-------------------
Temp= (Days - DayYr )*24.ODD
H =DINT( Tamp)
Temp= (Temp-H ) * 60.ODO
H = DINT( Temp )
8 (Temp-H ) *60.000

RE1~TURN Ao



-- - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - -

* SUBROUTINE RAZEL

*This Subroutine calculates Range Azimuth and Elevation and their rates given
* the Geocentric Equatorial (13K) Position and Velocity vectors.

*Algorithm aFind constant values
* Loop to find range and velocity vectors
* Rotate to find SKI vectors
* Use if statments to find Az and El including special cases

*Author s Capt Dave Vallado USAFA/DPAS 719-472-4109 27 Mar 1990

*Inputs

* R - IJK Position Vector DUi
* V - IJK Velocity Vector DUi / TU
* Lat - Geodetic Latitude -P1/2 to Pi/2 rad
* LST - Local Sidereal Time -2Pi to Pi rad
* RS - 13K Site Position Vector DUi

*Outputs

* Rho - Satellite Range from site DUi
* Az - Azimuth 0 to 2Pi rad

El£ - Elevation -Pi/2 to P1/2 rad
* DRho - Range Rate DUi TU
* DAz - Azimuth Rate rad /TU
* DRl - Blevation rate rad /TU

*Locals

* RhoV - 13K Range Vector from site DUi
* DRhoV - IJK Velocity Vector from site DUi / TU
S RhoVec - SIZ Range vector frost site DUi
* DRhoVec - 811 Velocity vector from site DUi
* WCrossR - Cross product result DU / TU

E arthRate - 13K Earth's rotation rate vector rad / TU
* TempVec - Temporary vector
* Temp - Temporary REAL value
* Tempi - Temporary REAL value
* Small - Tolerance for roundoff errors

-I index

*Constants I
* HalfPi - 1.57079632679490
* Pi - 3.14159265358979
* OmegaEarth - Angular rotation of Earth (Rad/TU) 0.0588335906868878

*Coupling

* Hag Magnitude of a vector
* Cross Cross product of two vectors
* Rot3 Rotation about the 3rd axis
* Rot2 Rotation about the 2nd axis
* Dot Dot product of two vectors

*References

* BMW pg. 84-89, 100-101
-- - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - -

a..............................................................



* SUBROUTINE FINDDAYS

This subroutine finds the fractional days through a year given the year,
* month, day, hour, minute and second.
,
* Algorithm : Set up array for the number of days per month
* Check for a leap year
* Loop to find the elapsed days In the year

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 11 Dec 1990

* Inputs
* Yr - Year 1900.. 2100
* Mon - Month 1.. 12
* D - Day I .. 28,29,30,31
* H - Hour 0.. 23
* H - Minute 0.. 59
* Sec - Second 0.0 .. 59.999

* OutPuts
* days - Day of year plus fraction of a day days
*

* Locals t
* I - Index
*

* Constants
* None.

* Coupling I
* None.

* References
* None.
e

-----------------------------------------------------

SUBROUTINE FindDays( Year,Honth,Day,I1r,Min,Sec, Days
IMPLICIT NONE
INTEGER Year,Honth,Day,Hr,Min
REAL*8 Sac, Days

*------------------------- Locals -----------------------------INTEGER 1,L~onth(12)

------------- Set up array of days In month-------------------

DO 1=1,12
Llonth(i) = 31

ENDDO
L~onth( 2) = 28
Lionth( 4) = 30
LHonth( 6) = 30
LMonth( 9) z 30
Llonth(ll) = 30

IF ( INT( HOD( Year-1900,4 ) ).EQ.0 ) THEN
LMonth(2)= 29

ENDIF

Days= 0.00
DO WHILE ((i.lt.Month).and.( 1.1t.12 ))

Days= Days + LMonth(i)
i= I + 1

ENDDO
Days= Days + Day + He/24.0D0 + Min/1440.ODO + Sec/86400.ODO

RETURN
END

*C 4



-------------------------- ------------ -

* FUNCTION GSTINE:

* This function finds the Greenwich Sidereal time. Notice just the integer
* part of the Julian Date in used for the Julian centuries calculation.

* Algorithm s Perform expansion calculation to obtain the answer
* Check the answer for the correct quadrant and size

* Author ;Capt Dave Vallado USAFA/DPAS 719-472-4109 12 Feb 1989

* InputsI
J D -Julian Date days from 4713 B.C.

* Outputs £

* GSTIme -Greenwich Sidereal Time 0 to 2Pi rad

* Locals
* Temp -Temporary variable for Reals rad

* * Tu -Julian Centuries from 1 Jan 2000

* Constants
* TwoPI - 6.28310530717959
* RadPerDay -Rads Earth rotates in 1 Solar Day 6.30038809866574

* Coupling 2

* None.

* References I
* 1988 Astronomical Almanac pg. B6
* Escobal pg. 18 - 21
* Explanatory Supplement pg. 73-75
* Kaplan pg. 330-332
* BHW pg. 103-104

RZAL*8 FUNCTION GSTime ( JD
IHPLICIT NONE
RRAL*8 JD

-------------------- Local$s ---------------------------
RRAL*S Temp, Tu, RadPerDay, TwoPi

------------------ Implementatio----------------------------
RadPerDaya 6.3003880986657400
TWoPi =6.28318530717959D0

Tu =( DINT(JD) + 0.5D0 - 2451545.000) 36525.ODO
Tamp= 1.75336855900 + 628.3319705D0*Tu+6.770708127D-06*TU**2+

& RadPeroay*DBLB( 3D-DINT(JD)-0.5 )

*----------------- Check quadrants--------------------------
Temp =D)400( Temp,TwoPi
IF ( Temp.LT.0.000 ) TIMN

Tamp =Temp + TwoPi
ENDIF

GSTime= Temp
RETURN
END

*C-S



* PFUNCTION GSTI4O

'his fun.-I-on finds the Greenwich Sidereal time at the beginning of a year.
* This formula is derived from the Astonomical Almanac and Is good only for

0 Ohr UT, 1iJan ofa yar.

*Algorithm : ind the Julian Date Ref 4713 BC
* Perform expansion calculation to obtain the answer
* Check the answer for the correct quadrant and S120

*Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Nov 1989

* Inputs
* Yr -Year 1988, 1989, etc.

*Outputs

* GSTImO -Greenwich Sidereal Time 0.0 to 2Pi rad

*Locals2

* D -Julian Date days from 4713 B.C.
* Temp - Temporary variable for Reals rad
* Tu - Julian Centuries from 1 Jan 2000

*Constants

* TwoPi 6.28318530717959

*Coupling

* None.

*References

* 1988 Astronomical Almanac pg. B6
* Escobal pg. 18 - 21
* Explanatory Supplement pg. 73-75
* Kaplan pg. 330-332
* BMW pg. 103-104

PRAL*8 FUNCTION GSTIMO ( Yr
IMPLICIT NONE

INTEGER Yr
------------------- Locals ------------------------

RXAL*8 JD, Tamp, TU, TWOPI

------------------ Implementation -------------

TwoPi =6.28318530717959DO

JD =367.000 * Yr -(IHI!((7*(YriINT(10/12)))/4) ) +
( flT(275/9) ) + 1721014.5D0

Tu =( INT(JD) + 0.SDO - 2451545.000 ) / 36525.ODO
Tamp= la53368S59D0 +- 628.3319705D0'Tu + 6.77070Ol27D-06*TU**2

------------------ Check quadrants--------------------------
Temp =DMOD( TemV,TvoPI
IP ( Temp.LT.0.ODO ) THIN

Tamp =Temp +- TwoPI

G8TIm0= Temp
RETURN
END

*C-6



* SUBROUTINE LSTIME

•This subroutine finds the Local Sidereal time at a given location.

• Algorithm : Find GST through the routine
• Find LST and check for size and quadrant
*

* Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
,

• Inputs
* Lon - Site longitude (WEST -) -2Pi to 2Pi rad

J 3D - Julian Date days from 4713 B.C.
,

* Outputs t
• LST - Local Sidereal Time 0.0 to 2Pi rad
• GST - Greenwich Sidereal Time 0.0 to 2Pi rad
,
• Locals
* None.

• Constants
* TwoPi 6.28318530717959

• Coupling
* GSTime - Finds the Greenwich Sidereal Time

• References I
• Escobal pg. 18 - 21
• Kaplan pg. 330-332

B BMW pg. 99 -100
*

SUBROUTINE LSTime ( Lon,JD, LST,GST
IMPLICIT NONE
REAL*8 Lon,JD, LST, GST
EXTERNAL GSTime

*------- - --- Locals------------- ------
REAL*8 TwoPI,GSTime

--------------------- Implmntatlon-------- ---------

TwoPi = 6.28318530717959)0

GST = GSTime( JD )
LST = Lon + GST

---------------------- Check quadrants--------------------
LST DHOD( LST,TwoPi )
IF ( LST.LT.0.ODO ) THEN

LST LST + TwoPi
ENDIF

RETURN
END

• C-7"



* SUBROUTINE SUNRISRSET

* This subroutine finds the Universal time for Sunrise and Sunset given the0
* day and site location. Not* the use of degres and radians since the
* Almanac presents the algorithm In these units.

* Algorithm 2Use a case statement to set the angle from the sun to site
* Find days, and then the values for UT times

* Author Capt Dave Vallado USAFA/OFAS 719-472-4109 13 Jan 1991

* Inputs
M Jate -Julian Date days from 4713 D.C.

* Lat -Site latitude (SOUTH - -Pi/2 to Pi/2 rad
* Lon -Site longitude (WIST -)-2Pi to 2Pi rad
* WhichKind -Character for which rise/set 'S' 'C' IN' 'A

* outputs
* UTSunRise -Universal time of sunrise at lat-lon hrs
* UTSunSet -universal time of sunset at lat-lon brs

* Locals
* t -Days from the beginning of the year

* Constants 2
* Rad Radians per degree

*Coupling

* InvJulianDay Finds the Yr Da Kn Hr Mi go froma the Julian Date
* Findtays Finds the days from I Jan of a year

* References
* Almanac For Computers 1990 pg. D5-B6
-- - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - -

C



StUROUTINE SUNRISESET(JDate,Lat,Lon,Which(1nd,UTSunRis.,UT~unSet)
IMPLICIT NONE
REAL*8 JDate,Lat,Lon,UTSunRiss,UT~unSet
CHARACTER WhichKind
P3Z.L*8 Z,t,a,l,ra,xindelta,delta,hosecodayx,RadTwoPI,Pi
INTEGER year,month,day,hr,auln

Pad =57.2957795130S230D0
TwoPi = 6.28318S30717959D0
Pi1 3.14159265358979D0
IF (WhichKind.oq.'S' ) THEN

Z= (90.000t50.00/60.00O )/Rad
ELSEIF (which~ind.eq.'Cl) THEN

Z= 96.000 / Had
ELSEIF (Whichxind.eq.'N') THEN

Z= 102.000 / Had
ELSEIF (Whichind.eq.'Al) THEN

Z= 108.ODO / Had
ENDIF

CALL InvJulianDay( J~ats, Year,Month,Day,Nr,Hin,Soc
CALL FindDays( Year,Month,Day,Hr,kin,Soc, Days)

--------------------- Sunrise------------------------------
t =Days + (6.000 Lon*Rad/15.ODO)/24.ODO
H =0.98560000*t -3.28900

L = H + 1.91600*DSin( H/Had ) + O.020D0'DSin( 2.ODO*M/Rad )+
& 282.634D0

L =DMOD( L,360.0)
Ram DATan( 0.91746D0'DT~n(L/Rad))
IF (Ra.1t.O.ODO) THEN

Ram Ra + TwoPi
ENDIF

IF ( (L.gt.180.ODO).and.CRa.lt.Pi) ) THEN
Ram Ha + Pi

END IF
IF ( (L.lt.180.ODO).and.(Ra.gt.P1) ) THEN

Ram Ha - Pi
ENDIF

SinDelta= 0.39782D0'DSin( L/Rad)
Delta = DASin( SinDelta)
H= DACos( (DCos(z) - SinD*lta*DSin(Lat))

H=& oP (DCos(Delta)'DCos(Lat) ))

t= H*Rad/15.ODO + RA*Rad/15.ODO - 0.065710DD*t -6.622D0

T= DKOD( T, 24.000

UTSunHiso= T - Lon*Rad/15.ODO
UTSunRiso= DXOD( UTSunRiso, 24.ODO)
IF (UTSunR139.lt.0.000) THIN

UTSunRisem 24.ODO + UTSunRise
END IF

-------------------- Sunset ---------------

t=Days + (18.0DO - Lon*Rad/l5.ODO)/24.0D0
M = 0.985600D0*t - 3.28900
L = M + l.91600*DSin( N/Rad ) + 0.02000*DSin( 2.000*M/Had )+
& 282.63400

L = DOOO L,360.0)
Ram DATan( 0.9174600*DTan(L/Rad))
IF (Ra.lt.0.ODO) THEN

Ram Ra + TwoP1
ENDIF

IF ((L.gt.l80.ODO).and.(Ha.lt.P1) ) THIN
Ram Ra + P1

WNDIF
IF ( CL.lt.180.OD0).and.(Ha.gt.Pi) ) THEN

Ram Ha - Pi
ENDX?

* SinDelta= 0.3978200OSin( L/Had)
Delta =DAS~n( SinDelta)
H= DACos( (DCos(z) - SinDelta'DSin(Lat))
& (DCos(Oelta)*DCoa(Lat)))

H= TwoPi - H
t= H*Rad/15.0D0 + p)A*Rad/15.ODO 0.0657100t - 6.62200
T= DNOD( T, 24.000

UTlSunSet= T - Lon*Rad/15.ODO
UTSunSetz OHOD( UTSunSet, 24.000
IF (UTSunSet.1t.0.ODO) THIN

UTSunSetz 24.000 + UT~unSet
ENDIF

RETURN
END

*C-9



* SUBROUTINE HMSTOUT
This subroutine converts Hours, Minutes and Seconds into Universal Time.

*

* Algorithm : Calculate the answer
*

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
,

* Inputs
* Hr -Hours 0.. 24 ex. 2
* Min - Minutes 0 .. 59 ex. 39
* Sec - Seconds 0.0 .. 59.99 ex. 57.29

* Outputs
* UT - Universal Time HrMin.Sec ex.239.5729

* Locals
* None.

* Constants
* None.
*

* Coupling
* None.

---------------- *-------------------------------------

SUBROUTINE HMStoUT ( Hr,Min,Sec, UT )
IMPLICIT NONE
REAL*8 UT,Sec
INTEGER Hr,Min

---------------------- Implementation-------------------------
UT = Hr*I00.0DO + Min + Sec/100.ODO

RETURN
END

----------------------------------------------------- *m

* Tsu unUeoOUTIN UTTOH

This subroutine converts Universal Time into Hours, minutes and seconds.
*

* Algorithm , Calculate the answer

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
,

* Inputs
* UT - Universal Time HrMin.Sec ex.239.5729
,

* Outputs
* Hr -Hou.s 0.. 24 ex. 2
* Min - Minutes 0 .. 59 ex. 39
* Sec - Seconds 0.0 .. 59.99 ex. 57.29

* Locals
* None.

* Constants
* None.

* Coupling
* None.

--------------- --------------------------

SUBROUTINE UTtoHMS ( UT, Hr,Min,Sec
IMPLICIT NONE
REAL*8 UTSec
INTEGER Hr,Hin

------------ Implementation

Hr = IDINT( UT/100.OD0 )
Min= IDINT( UT-Hr*00.D0 )
Sec = ( UT-DINT(UT) ) * 100.OD0

RETURN
END
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* SUBROUTINE HMSTORAD

* This subroutine converts Hours, minutes and seconds into radians. Notice
• the convarsion 0.2617 is simply the radian equivalent of 15 degrees.

• Algorithm : Calculate the answer

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 6 Sep 1988

* Inputs
* Hr - Hours 0.. 24 ex. 10

M in - Minutes 0 .. 59 ex. 15
* Sec - Seconds 0.0 .. 59.99 ex. 30.00
,

* Outputs
• HMS - Result rad e. 2.6856253
*

* Locals
• None.
*

• Constants
* None.

* Coupling
• None.

*
*-------------------------------- - ------------------

SUBROUTINE HMStoRad ( Hr,Min,Sec, lS )
IMPLICIT NONE
REMAL* HNS,Sec
INTEGER HrMin

---------------------- Implementation -------------------
HHS= ( Hr + Min/60.ODO + Sec/3600.0DO )*0.261799387D0

RETURN

END

-----------------------------------------------------

* SUBROUTINE RADTOHMS
*

• This subroutine converts radians into Hours, minutes and seconds. Notice
• the conversion 0.2617 is simply the radian equivalent of 15 degrees.

* Algorithm s Convert incoming radians to hours
• Calculate the answer

• Author : Capt Dave Vallado USAIA/DFAS 719-472-4109 8 Sep 1988

* Inputs
H MNS - Result rad ex. 2.6856253

* Outputs

• Hr - Hours 0.. 24 ex. 10
M Mn - Minutes 0 .. 59 ex. 15

* Sec - Seconds 0.0 .. 59.99 ex. 30.00

* Locals
* Temp - Temporary variable to hold and change HMS value
*

• Constants
• None.

* Coupling
* None.

-----------------------------------------------------

SUBROUTINE RadtoHNS ( HMS, Hr,Min,Sec
IMPLICIT NONE
REAL*8 HMS,Sec
INTEGER Hr,Min
REAL*8 Temp

------------ Implementation

Temp = HMS / 0.261799387D0
Hr = IDINT( Temp )
Min z IDINT( (Temp-Hr)*60.ODO)
Sec = (Temp-Hr-Min/60.ODO) * 3600.00

RETURN
END
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* SUBROUTINE HMSTORAD

• This subroutine converts Hours, minutes and seconds into tadians. Notice
• the conversion 0.2617 is simply the radian equivalent of 15 degrees.
,
• Algorithm : Calculate the answer

* Author i Capt Dave Vallado USAFA/DFAS 719-472-4109 6 Sep 1988
,

* Inputs
• Hr - Hours 0 .. 24 ex. 10

m Kin - Minutes 0 .. 59 ex. 15
* Sac - Seconds 0.0 .. 59.99 ex. 30.00
,

• Outputs
• HMS - Result rad e. 2.6856253
*

* Locals
• None.
*

• Constants
• None.
*

• Coupling
• None.

-------------------------------- ---------------------

SUBROUTINE HMStoRad ( Hr,KinSso, HMS
IMPLICIT NONE
RL*8 HKS,SeC
INTEGER Hr,in

---------------------- Implementation ------------------
HMS= ( Hr + Nin/60.ODO + Sac/3600.0DO )*0.261799387D0

RETURN

END

-----------------------------------------------------

• SUBROUTINE RADTOHMS

* This subroutine converts radians into Hours, minutes and seconds. Notice
• the conversion 0.2617 is simply the radian equivalent of 15 degrees.

* Algorithm t Convert incoming radians to hours
* Calculate the answer

* Author t Capt Dave Vallado USAIFA/DFAS 719-472-4109 8 Sep 1988

• Inputs
• HMS - Result rad ex. 2.6856253

• Outputs
• Hr -Hours 0.. 24 ex. 10

M Kin - Minutes 0 .. 59 ex. 15
• Sac - Seconds 0.0 .. 59.99 ex. 30.00

• Locals
* Tamp - Temporary variable to hold and change HNS value
,
* Constants a
* None.

* Coupling I
• None.

------------------------------------------------------

SUBROUTINE RadtoHMS ( HHS, Hr,Min,Soc
IMPLICIT NONE
REAL*8 HMS,Sac
INTEGER Hr,Min
REAL*8 Tamp

---------------------- Implementation------------------------
Temp = HMS / 0.261799387D0
Hr IDINT( Temp)
Min = IDIHT( (Temp-Hr)*60.0DO
Sac = (Tsmp-Hr-Min/60.0D0) * 3600.00

RETURN
END
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* SUBROUTINE SITE

• This Subroutine finds the position and velocity vectors for a site. The
• answer is returned in the Geocentric Equatorial (IJ) coordinate system.
,

• Algorithm t Set up constants
• Find x and z values

Find position vector directly
• Call cross to find the velocity vector
*

* Author 3 Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
*

• Inputs t
• Lat - Geodetic Latitude -Pi/2 to Pi/2 rad
• Alt - Altitude DU
* LST - Local Sidereal Time -2Pi to 2PI rad
*

• Outputs I
• RS - IJK Site position vector DU
• VS - IJK Site velocity vector DU / TU

* Locals
* EarthRate - IJK Earth's rotation rate vector rad / TU
• SinLat - Variable €ontaining sin( Lat ) rad
* Temp - Temporary REAL value
* x - x component of site vector DU
* z - s component of site vector DU

* Constants t
* EESqrd - Eccentricity of Earth's shape squared 0.00669437999013
* OmegaEarth - Angular rotation of Earth (Rad/TU) 0.0588335906868878

* Coupling
• Hag Magnitude of a vector

Cross Cross product of two vectors

* References
* Escobal pg. 26 - 29 (includes Geocentric Lat formulation also)
* Kaplan pg. 334-336
• BMW pg. 94 - 98

--------------------------------- --------------------

SUBROUTINE Site ( Lat,Alt,Lst, RS,VS
IMPLICIT NONE
REAL*8 Lat, Alt, LST, RS(4), VS(4)

--------------------------- Locals---------------------------

REAL*8 SinLat, Tamp, x, x, arthRate(4),OmegaEarth,R2Sqrd

* ---------- Initialise Variables ----------------------
OmegaEarth = 0.0588335906868878D0
RESqrd = 0.00669437999013D0
SinLat = DSIN( Lat )
EarthRate(l)= 0.00
EarthRhte(2) = 0.ODO
EarthRate(31= OmegaEarth

* ------ Find v and z components of site vector
Tamp = DSORT( 1.0D0 - ( EISqrd*SinLat**2
x = ( ( 1.00/Temp ) + Alt )*DCOS( Lat
z = ((1.0D0-EESqrd)/Temp) + Alt )*SinLat

*- ---------- Find Site position Vector
RS(l) = x * DCOS( Lat )
RS(2) = x * DSIN( Lat )
RS(3) = z
CALL MAG( RS

* ---------------- Find Site velocity vector--------------------

CALL CROSS( EarthRate,RS,VS
RETURN
END

@*
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* SUBROUTINE SITE

*This Subroutine finds the position and velocity vectors for a site. The
* answer is returned In the Geocentric Equatorial (IJK) coordinate system.

*Algorithm tSet up constants
* Find x and a values

Find position vector directly
* Call cross to find the velocity vector

*Author Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

* Inputs
* Lat -Geodetic Latitude -Pi/2 to Pi/2 rad
* Alt -Altitude DU
* LST -Local Sidereal Time -2Pi to 2Pi rad

* outputs 3
* RS - IJK Site position vector DU
* VS - IJK Site velocity vector DUi TU

* Locals
* EarthRate - IJK Earth's rotation rate vector rad /TU
* SinLat - Variable containing sin( Let )red
* Temp - Temporary REAL value
* x - x component of site vector Dli
* Z - z component of site vector DUi

*Constaints

* ElSqrd - Eccentricity of Earth's shape squared 0.00669437999013
* OmegaEarth - Angular rotation of Earth (Rad/?U) 0.0588335906868878

*Coupling

* Hag Magnitude of a vector
S Cross Cross product of two vectors

* References
* Escobal pg. 26 - 29 (includes Geocentric Lit formulation also)
* Kaplan pg. 334-336

BM pg. 94 -98

------------------------------- ----------------------

SUBROUTINE Site ( Lat,Alt#Lxt, R9,VS
IMPLICIT NONE
RXAL*$ Lit, Alt, LST, RS(4), VS(4)

*-------------------- Locals ---------------

REAL*8 SInLat, Temp, x, z, XarthRats(4),Omsga1&rth,3ZSqrd

* ---------------- Initialize Variables-------------- ----

OMegaEarth =0.0588335906868878D0
CESgrd =0.00669437999013D0
SinLat =DSIN( Lit)
EarthRato(l)= 0.ODO
EarthRate(2)= 0.ODO
Earthi~ate(31= Omoga~arth

t ----------- Find Y~ and z components of site vector ------
Tamp =DSQRT( 1.ODO - ( SISqrd*SinLat**2
x = ( ( 1.000/Temop ) + Alt )*DCOS( Lit
Z = ( ((i.ODO-EESqrd)/Temp) + Alt )*SInLat

*--------------- Find Site position vector-----------------
RS(l) =x *DCOS( Lst
RS(2) =x *DSIN( Lst)
RS(3) = z
CALL RAG( RS

t------------------------ Find Site velocity vector ----------

CALL CROSS( EarthRate,RS,VS)
RETURNI
EN~D



* SUBRUIN TRACK

*This Subroutine finds range and velocity vectors in the Geocentric Equatorial
* (IJK) system given the following input from a radar site.

*Algorithm t Find constant values
* Find SEZ vectors from RVTOPOS
* Rotate to find IJX vectors

*Author iCart Dave Vallado, USAPA/DWAS 719-472-4109 20 Sep 1990

* Inputs
* Rho - Satellite range from site DU
* Az - Azimuth 0.0 to 2Pi rad

a l - Elevation -P1/2 to Pi/2 rad
* WDho - Range Rate DU /TU
* DAz - Azimuth Rate rad /TU
* DEl - Elevation rate rad /TU
* Lat - Geodetic Latitude -P1/2 to P1/2 rad
* LST - Local Sidereal Time -2Pi to 2Pi mad
* RS - IJK Site position vector OU

*Outputs I
* R - IJK Satellite position vector DU
* V - WJE Satellite velocity vector DU / TUl

*LocalsI

* WCrossR - Cross product result DUl / TU
* RhoVec - SEZ range vector from site DUl
* DRhoVec - 512 velocity vector from site DUl / TUl
* TsmpVec - Temporary vector
* RhoV - IJK range vector from site DUl

DRhoV - IJX velocity vector from site DUl / TUl
Z Rate - 13K Earth's rotation rate vector rad /TU

*ConstantsI

* HalfPi - 1.57079632679490
* Oinegalarth - Angular rotation of Barth (Rad/TU) 0.0S88335906868878

*Coupling I
* RVToPos Find R and V from site In Topocentric Horizon (512) system
* Cross Cross product of two vectors
* Addysc Add two vectors together
* Rot3 Rotation about the 3rd axis

R fot2 Rotation about thi 2nd axis
R IAG Magnitude of a vector

*References I
* 5W pg. 85-890 100-101

-------------------------------------------------------

SURR0UTINE Trackc ( Rho,Az.1l,DRha,DAm,DElLat,Lst,RS, R,V
IMPLICIT~ NONE
REAL'8 Rho,Az.Sl,DRhoDASDKLLAmLst,RSt4),R(4),V(4)

-------------------- Lootls ------------------------
RZAL*8 WCrosaR(4), RhoVec(4), DRhoVec(4), TempVec(4), RhoV(4),

&DRhoVC4), KRate(4)#HalfPI,Omegalarth

* -------------- Initialize Variables---------------------
HlAfIM = .5707963267949000
Omega~arth =0.058833590686887$D0
ERate(l) =0.ODO
ERate(2) =0.0DO
Zi~ate(3) =Omegatarth

* -------- Find 9HZ range and velocity vectors -- -- ----
CALL RVTOPOS( Rho,AS,ElDRhoDAz,Dgl,RhoVecDRhoVec)

*----------- Perform 5HZ to 13K transformation ---------------
CALL ROT2( RhoVac ,Lat-H&IfPi, TempVec
CALL R0T3( TempVacs -L8T , RhoV)
CALL ROT2( DahoVec,Lat-HalfPi, TempVec)
CALL ROT3( TempVec, -L8? DRhoV)

* ---------- Find I3K range and velocity vectors ---------
CALL ADDV8C( RhoVRS,R )
CALL CROSS( ERateR ,WCrossR
CALL ADDVEC( DRhoV,WCrossR,V)

RETfURN
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* SUBROUTINE RAZEL

* This Subroutine calculates Range Azimuth and Elevation and their rates given

* the Geocentric Equatorial (IJK) Position and Velocity vectors.

* Algorithm Find constant values
* Loop to find range and velocity vectors
* Rotate to find SZ vectors
* Use if statments to find As and 11 including special cases
,

* Author i Capt Dave Vallado USAFA/DFAS 719-472-4109 27 Mar 1990

* Inputs
* R - IJK Position Vector DU

* V - IJK Velocity Vector DU / TU

* Lat - Geodetic Latitude -Pi/2 to Pi/2 rad
* LST - Local Sidereal Time -2PI to P1 rad
* RS - IJK Site Position Vector DU

* Outputs
* Rho - Satellite Range from site DU
* Az - Azimuth 0 to 2Pi rad
* El - Elevation -Pi/2 to Pi/2 rad

* DRho - Range Rate DU / TU
* DAz - Azimuth Rate rad / TU
* DE1 - Elevation rate rad / TU
,

* Locals
* RhoV - IJK Range Vector from site DU
* DRhoV - IJK Velocity Vector from site DU / TU
* RhoVec - SZ Range vector from site DU
* DRhoVec - SEZ Velocity vector from site DU
* WCrossR - Cross product result DU / TU

* EarthRate - IJK Earth's rotation rate vector rad / TU
* TempVec - Temporary vector
* Temp - Temporary REAL value
* Templ - Temporary REAL value
* Small - Tolerance for roundoff errors

* - Index

* Constants t
HalfPi - 1.57079632679490

* Pi - 3.10159265358979
* OmogaEarth - Angular rotation of Earth (Rad/TU) 0.0588335906868878

* Coupling
* Hag Magnitude of a vector
* Cross Cross product of two vectors
* Rot3 Rotation about the 3rd axis
* Rot2 Rotation about the 2nd axis
* Dot Dot product of two vectors

* References
* BMW pg. 84-89, 100-101

----------------------.-.......................------------------------------
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SUBROUTINE RAZEL ( R,V,RS,Lat,Lst, Rho,Az,Zl,DRho,DA2,Dhl)
IMPLICIT NONE
REAL*6 R(4),V(4),RS(4),Lat,Lst,Rho,Az,El,DRho,DAz,Dgl
EXTERNAL DOT

* --------------- Loc al---------- ---
REAL*8 RhoV(4), DRhoV(4), RhoVec(4), DRhoVec(4), WCrossR(4),
£ laats(4), TempVscC4), Tamp, Small,HalfP1,Pi,Tsmpl,
& OmegaZarth,Dot
INTEGER i

* ---------------- Initialize Variables------------------------
P1 = 3.l4l59265358979D0
HalfPi =1.5707963267949000
Omegatarth =0.05883359060887800
ZRate(l) = 0.0D0
Eflate(2) =0.00O
B~ate(3) =Omegagarth
Small c 0.6000lDO

* -------- Find IJK range vector from site to satellite------------
CALL CROSS( ERato,R,WCroseR
DO 1=1,3

RhoV(1) =R(i) - RS(i)
DRhoV(i)= V(1) - WCrossR(i)

ENDDO
CALL HAG( RhoV
Rho= RhoV(4)

* ----------- Convort to 811 for calculations------------------
CALL ROT3( RhoV , LET I TempVec)
CALL4 ROT2( TsmpVcHalfPi-Lat, RhoVec )
CALL R0T3( DflhoV, LOT , TampVac)
CALL ROT2( TempVec,HlfPI-Lat, ORhoVec

* ----------- Calculate Azimuth and xlevatio------------------
Tamp z DSQRT( RhoVc(l)**2 + RhoVec(2)**2
IF ( DABS( RhoVsc(2) ).LT.Small ) THEN

IF (Temp.LT.Saall ) THIN
Tempi DSORT( DahoVec(l)**2 + DahoVec(2)**2)
Ax DATAN2( DRhoVc(2)/Toapl , -DRhoVec(1)/Templ)

ELSE
IF CRhoVec(l).GT.O.ODO ) THEN

ELs aP

ELSE

As;=eP:A2(z2Rhoe(2/o, -RhecC21RoVp )

El =HalfPi

21 DTA2( hoec3)RhoDSN El ) ) / Tem

ZNDI

------ CluaeRne*zmthadEeainrts------

D~~~hoa ~ ~ DOT 17',~ V / h



* SUBROUTINE ELORB

* This Subroutine finds the classical orbital elements given the Geocentric
* Equatorial Position and Velocity vectors. Special cases for equatorial
* and circular orbits are also handled. IF elements are Infinite, they
* are set to 999999.9. If elements are Undefir.:cd, they are set to 999999.1.
* Be sure to check for these during output|!

* Algorithm Initialzo variables
* If the Hbar magnitude exists, continue, otherwise exit and
* assign undefined values
* Find vectors and values

Determine the type of orbit with IF statements
Find angles depending on the orbit type

,

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

* Inputs
* R - IJK Position vector DU
* V - IJ Velocity vector DU / TU
,
* Outputs
* P - Semi-latus rectum DU
* A - smi-major axis DU
* Ecc - eccentricity
* Inc - inclination 0.0 to PI rad

* Omaga - Longitude of Ascending Node 0.0 to 2PI rad
* Argp - Argument of Perigee 0.0 to 2Pi tad
* Nu - True anomaly 0.0 to 2Pi rad
* M - Mean Anomaly 0.0 to 2Pi rad
* U - Argument of Latitude (CI) 0.0 to 2Pi rad
* L - True Longitude (CX) 0.0 to 2Pi tad
* CapPi - Longitude of Periapsi. (n1) 0.0 to 2Pi rad
,

* Locals
* Hbar - Angular Momentum H Vector DU2 / TU
* Ebar - Eccentricity 2 Vector

* Nbar - Line of Nodes N Vector
* cl - V**2 - u/R
* RDotV - R Dot V
* c3 - Hk unit vector
* Small - Tolerance for roundoff errors
* SHE - Specfic Mechanical Energy DU2 / TU2
* i - index
* E - Eccentric Anomaly rad
* D - Parabolic Eccentric Anomaly rad
* F - Hyperbolic Eccentric Anomaly red
* Temp - Temporary value
* TypeOrbit - Type of orbit EE, sI, CE, C1
*

* Constants
* HalfPi - 1.57079632679490
* Pi- 3.14159265358979
* TwoPi - 6.28318530717959
* Infinite - Flag for an infintite element 999999.9
* Undefined - Flag for an undefined element 999999.1

* Coupling
* HAG Magnitude of a vector
* CROSS Cross product of two vectors
* DOT DOT product of two vectors
* DACOSH Inverse Double Precision Hyperbolic Cosine Function
* ANGLE Angle between two vectors

* References I
* BMW pg. 58 - 71
* Escobal pg. 104-107
* Kaplan pg. 29 - 37

--
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SIUhEOUTINX ELORB ( ,V, P,A,ZCC,Inc,Omega,ArgpNU,XU,LCapPI)
IMPLICIT NONE
REAL*$ R(4),V(4),P,A,Icc,IncOmegaArgp,Nu,M,U,L,CapjPi
EXTERNAL DOT,DACOSH

-- - - - - - -- - - - - - - - Locals -- - - -

RMA*8 cl,RtotV,c3,Saall.8NE,HbCZ(4),Ebar(4),Nbar(4),TvoPi,
&HalfPi,Pi,Dot,Undefind,lfiflitl,E,FD,DACO~bTSUp

INTEGER i
CHARACTZR*2 TypeOrbit

-------------- Initialize Variable--- -----
Pi1 3.1415926535897900
HalfPi =l.5707963267949000

aTWOPi =6.28318530717959DO
Small =0.OOOOOIDO
Infinite x999999.900
Undefined =999999.1DO
CALL 14A0( R
CALL HAG( V

--------------- FindH and Xvector------------------------

CALL CROSS( R,V,IHba:

IF ( HBar(4).GT.Small ) THEN
Nbar~l)z -Hbar(2)
Nbar(2)= Hbar(l)
Nbar(3)= 0.000
CALL HAG( Nbar
cl: V(4)*t2 - I.DD0/R(4)
RDotV= DOTr( Ro?
DO i= 1,3

Ebar~i)= cl*R~i) - RDotVOV(i)

CALL HAG( Ebar)

* ------------ Find a a and semi-latux rectum --------

SHE1= ( VC4)t*2 / 2.000 ) - ( l.ODO/R(4)
IF ( DASS(SHR).GT.Suall ) THIN

An -l.ODO / C2.ODO*9ME)
ELSE
Ax Infinite

Zt4DZF
Ecca Ebar(4)
Ps H~ar(4)**2

*---------------- Find inclinatio----------------------------
03: HBar(3)/HSar(4)
IF ( DABS( DABS(c3)-1.ODO ).LT.Small ) THIM

IF ( DABS(Hbar(3)).GT.O.000 THIN
c3m DSIGN( l.000,Jibar(3))

ENDIF
ENDll

Inc= DACOS( c3)

* --------- Determine typo of orbit for later use ---------

TypeOrbitu 'Ell
IF ( Ecc.LT.Small ) THEN

* ------------- circular Equatorial ---------------

IV (( Inc.LT.Sjuall ).or.( DABS(Inc-Pi).LT.Small )) THEN
TypeOrbit ICS'

ELSE
* ------------- Circular Inclined ----------------

TypeOrbita ICII

E.LSE
* ----- Elliptical, Parabolic, Hyperbolic Equatorial --------

IF (( inc.LT.Small ).or.( ABS(Inc-Pi).LT.Saall )) THEN
V TypeOrbits 'RE'

ENDIF
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------- Find Longitude of Ascending Noe o d---- ------
IF ( N~ar(4).G;T.6mall ) THEN

Tamp= Mbar(l) / NBar(4)
IF ( DAB8(Temp).gt.1.ODO ) THEN

Tamp 2 D8IGN( l.ODO,Temp

END!?

onwga= Undefined
END!?

------------ Find Argument of perigee------------
IF ( TypeOrbit.eq.'II1 ) THIN

CALL ANGLE( N~ar,EBar, Argp
IF (9Bar(3).LT.O.ODO) THEN

Argp= TWOPi - Argp
END!?

ELSE
Argp= Undefined

---------- Find True Anomaly at Epoch -----------

I? ( TypOrbit(ll).eq.'R') THIN
CALL ANGLE( E3ar#Rr NU
IF (RDOtV.L..OD) THEN

Ntis TWOPi - NU
END!?

ELSE
NU= Undefined

END IF

------- Find Argument of Latitude - Circular inclined-----------
IF ( TypeOrbit.3Q.'C16 ) THEN

CALL ANGLE( NBar,R, U )
IF (R(3).LT.O.ODO) THEN

U= TwoPi - U
END!?

ELSE
U= Undefined

ED!?0
-- Find Longitude of Perigee - Elliptical Equatorial ----- -

IF (( E~ar(4).GT.Saall ).and.( TypeOrbit.3O.'EE' ) THEN
Tamp = Bar(l)/IBar(4)
IF ( DABS(Temp).gt.l.ODO ) THEN

Temp =DSIGN( 1.ODO,Teamp

CapPic DACOS( Temp
IF (Ebar(2).LT.O.ODO) THEN

CapPic TvoPi - CapPi
ENDI?

IF (Inc.GT.HalfPi) THEN
CapPi= TwoPi - CapPi

END!?
ELSE
CapPi= Undefined

ENDI?

-------- Find True Longitude - Circular Equatorial ---------------
IF (( lt(4).GT.Smal1 ).and.( TypeOrbit.90.'CE' THEN

Tamp =R(1)/R(4)
IF ( DABS(Tomp).gt.l.ODO ) THEN

Temp aOSIGN( 1.ODO,Temp
END!?

L= DACO8( Temp)
IF (R(2).LT.O.QDO) THEN

Lz TwoPi - L
EHDIP

IF (Inc.GT.HalfPi) THEN
L= TwoPi - L

ENDIF
ELSE

L= Undefined
END IF
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---------- Find Mean Anomaly for all orbits---------

* Hyboi e-----------------
IF ((Zcc-l.ODO).GT.Small) THIN

F= DACOSH( (ECC+DCou(NU))/(l.ODO+Ecc*DCos(Nu)))
M= Ecc*DSinh( F P

ELSE

-- - - - - - - - - - - - --Parabolic - - - - - - - - - - - - - - -
IF ( (DABS( 3cc-l.ODO )).LT.Small ) THIN

D DSQRT( p ) * DTan( MU )
M (l.ODO/6.ODO)*( 3.ODO*p*D + D**3)

ELSEI

------------------- Elliptical ------------------------------
£ IF (Ecc.GT.Small ) TENM

Tamp= L.ODO + .ccDCo*(Mu)
IF ( DAS(Tmp).lt.Small ) THEN

M 0.000
ELSE

* cl ( DSW T(.0D0-Ecc**2)*DSin(Nu)) Tamp
c3 ( Scc + DCom(Nu) )/Tamp
IF (DABS(cl).gt.l.ODO )THEN

cl =DSIGN( l.ODO,cl)
END!?

IF ( DAS(c3).gt.l.ODO ) THEN
c3 a DSZGN( 1.ODO,c3)

E z DATan2( ol,c3)
H = - Icc*DSin( I

END!?
ELSE

------------------- Circular ----------------------------
IF ( TypeOrbit.NQ.'CE' THIN

ELSE
N zU

END!?
ENDI?

ENDIF

IF ( 1.Lt.0.ODO ) THEN
M4 x + TwioPi

* Write( *,20 ) IH = ,#Hbar(l),Hbar(2),Hbar(3),Hbar(4)
* write( *,20 ) IN x ,Nba?(l),Nbar(2),Nbar(3),Mbar(4)
* Write( *,20 ) Is1 ',Ibar(l),bar(2)Ebar(3),Ibar(4)
* Write( *, ) 8141m '.8)41, DU2/TU2'

* 20 FORM4AT( A4,2X,4(Fl3.7))

ELSE
P =Undefined
A = Undefined
Ecc =Undefined
Inc x;Undefined
omega= Undefined
Argp =Undefined
Nu = Undefined
w = Undefined
U zUndefined
I = Undefined
Cap~i= Undefined

END!?
RETURN
END
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* SUBROUTINE RANDV
*

* This Subroutine finds the position and velocity vectors in Geocentric
* Equatorial (IJK) system given the classical orbit elements. NOTICE
* P is used for calculations and that semi major axis, a, is not. This
* convention allows parabolic orbits to be treated as well as the other
* conic sections. Notice the special cases leave Argp, Omega and Nu equal
* to 2ero, rather than setting them to some large number as a flag for
* infinite or undefined. This allows the routine to process different types
* of orbits with ONE transformation matrix since zeros will leave the vectors
* unchanged during that phase of the transformation.

* Algorithm Select the type of orbit through IF statements
* and assign Omega, Argp, and Nu
* Although these values change, they are NOT passed back
* Find the PQW position and veocity vectors
* Rotate by 3-1-3 to IJK. Order is important

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

* Inputs
* P - Semi-latus rectum DU
* 3 - eccentricity 0.0 to ...
* Inc - inclination 0.0 to Pi rad
* Omega - Longitude of Ascending Mode 0.0 to 2Pi rad
* Argp - Argument of Perigee 0.0 to 2Pi rad
* Nu - True anomaly 0.0 to 2Pi rod
* U - Argument of Latitude (CI) 0.0 to 2Pi rad
* L - True Longitude (CE) 0.0 to 2Pi rd
* CapPI - Longitude of Periapsis (33) 0.0 to 2Pi rad
,

* Outputs I
* R - IJK Position vector DU
* V - IJK Velocity vector DU / TU

* Locals I
* Temp - Temporary REAL value
* Small - Tolerance for roundoff errors
* Rpqw - POW Position vector DU
* Vpqw - POW Velocity vector DU / TU
* TempVec - POW Velocity vector

* Constants I
* PI 3.14159265358979

* Coupling
* MAM Magnitude of a vector
* ROT3 Rotation about the 3rd axis
* ROTl Rotation about the 1st axis
*

* References
* BMW pg. 71-73, 80-83
* Escobal pg. 68-83

*e

------------------------------
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SUBROUTINE R.andV ( P,E,IncOmega,ArgpNu,UL,CapPi, RV)
IMPLICIT! NONE
RZAL*0 P,3,Xnc,Oniega,Argp,Nu,U,L,CapPi,R(4),V(4)

---------------- Locals ----------------0REAL*$ Temp, Small,:pqvc:) Vpqw:4)0 ::mpvec(4), Pi

Determ~ine what type of orbit in Involved and set up the
stup angles for the special cases.

IF ( Z.LT.Small ) THN
*--------------- Circular 3quatoriai --------------

If (( Inc.LT.Small ).or.( ABS(Inc - Pi).L!.Smail )) THEN
Argp = 0.000
Omega= 0.000
Nu = L

* ------------- Circular Inclined -------------------------
ELSR

Argp= 0.000
Nu =U

ELSE
* -------------- Elliptical Uquatorial -------------------------

IF (( Inc.LT.Small ).Or.( ABBI(nc - PI).LT.Small )) TEN
Argp =Cappi
Omega= 0.000

END IF
EmDir

* --------- Form POW position and velocity vectors---------------
Tamp= P / (1.000 + E*DCOS(NU))
Rpqv(l)= Temp'DCOS(HU)
Rpqw(2)= Temp*DSIN(HU)
flpqw(3)z 0.000
Vpqw(l)z -DSIN(NIJ)/DSQRT(P)
VMq(2)c (E + DCOS(VU)) / OT(P)
Vpqw(3)= MOO0
CALL HAG( Rpqw)

* CALL HAG( Vpqw ) ~t 3 - - -

CALL ROT3( Rw ,-Omga, # RV~

CALL ROT3( TVpqw , -Incp , TempVec)
CALL ROT3( TempVec, -Omeca, Repe

CALL R073( TempVec, -Omega, V
RETURN
END



* SUBROUTINE GIBBS

This Subroutine performs the Gibbs method of orbit determination. This
* method determines the velocity at the middle point of the 3 given position
* vectors. Several flags are passed back.

* Fltz 0 ok
* Fit= 1 not coplanar
* Fit = 2 orbit impossible

* The Gibbs method is beat suited for coplanar, sequential position vectors
* which are more than about 10 dog apart. Notice the angle is passed back
* so the user may make a decision about the accuracy of the calculations as
* vectors which are 120 dog apart may be accurate, while vectors 8 dog
* apart would not. The method will calculate the resulting velocity using
* the vectors IN THE OKDZR GIVEN. IF the calculations are not possible,
* V2 is set to 0.0. Notice a I dog tolerance is allowed for the coplanar
* check. This is necessary to allow for noisy data in the estimation project.
,

* Algorithm : Initialize values including the answer
* Find if the vectors are coplanar, else set a flag
* Check that the orbit is possible, else set a flag
* Find the largest angle between the vectors
* Calculate the answer

* Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 28 Mar 1990

* Inputs
* Rl - IJK Position vector #1 DU
* R2 - IJK Position vector #2 DU
* R3 - IK Position vector 03 DU

* Outputs
* V2 - V3K velocity Vector for R2 DU / TU
* Theta - Angle between the two vectors rad
* Fit - Flag indicating success 0, 1, 2

* Locals
* tover2

Small - Tolerance for roundoff errors
* rlmr2 - Magnitude of rl - r2
* r3mrl - Magnitude of r3 - ri
* r2mr3 - Magnitude of r2 - r3
* p - P Vector r2 x r3
* q - Q Vector r3 x rl

w - W Vector rl x r2
* d - D Vector p + q + w
* n - N Vector (rl)p + (r2)q + (r3)w
* 3 - S Vector (r2-r3)rl+(r3-rl)r2+(rl-r2)r3
* b - 8 Vector d x r2
* Thetal - temporary angle between the ..o vectors rad
* pN - P Unit Vector
* RIN - RI Unit Vector
* dn - D Unit Vector
* nn - N Unit Vector
* I - index

* Constants I
* None.

* Coupling
* HAG Magnitude of a vector
* CROSS Cross product of two vectors
* DOT Dot product of two vectors
* ADVEC3 Add three vectors
* LNCOM2 Multiply two vectors by two constants
* LNCOM3 Add three vectors each multiplied by a constant
* NORM Creates a Unit Vector
* ANGLE Angle between two vectors
,

* References I
* BW pg. 109-116
* Hscobal pg. 306-307

£/ S-----------------------------
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SUBROUTINIE GIBBS ( Rl,R2,R3, V2,Theta,flt
fl4PLIC!'P NONE
RZAL*S Rl(4),R2(4),R3(4),V2(4),Thsta
INTZGER lt
EXTERNAL DOT

-------------------- Local$-------------------------------
REAL*8 tovor21 1, Small, rlmr2, r3mrl, r2mr3,p(4), q(4), w(4),

&d(4), n(4), s(4), b(4), Dot, PN(4), RlN(4),dnC4),nn(4),
&Thetal

INTEGER I

----------------- Initialize Variables -----------------------
Small= 0.00000100
Fit =0
Theta= 0.000
CALL H4AG( Rl
CALL HAG( R2)
CALL HAG( R3
Do IL 1,4

V2(1)= 0.000
ENDDO

-------------------------------------------------

*Determine if the vectors are coplanar. The DOT product of RI and the
* normal vector of R2 and R3 will be 0 If all three vectors are coplanar.
* The Vectors are normalized to accept very small and very large
* vectors. The magnitudes are left out of the DOT product equationt
* rln dot pn = rln pn Coa() i since each vector is normalized, so the
* magnitude* are 1.0. A 1 deg tolerance Is allowed for estimation, and
* is Implemented by allowing the angle between RIn and Pn to range from
* 89.0 to 91.0 deg, or Cos(89.0) a 0.017452406.
-----------------------------------------------

CALL CROSS( R2,R3,P)
CALL CROSS( R3,Rl,Q)
CALL CROSS( Rl,R2,W)
CALL NORM( P,PN)
CALL NORM( Rl, RiN
ir ( DABS( DOT(RlN,PN) ).GT.0.017452406D0 ) THEN

?lt= 1
ELSE
CALL ADVZC3( PQ#WOD
CALL LUCON3( Rl(4),R2(4),R3(4)0PgQ,W,N
CALL NORM( N, N
CALL MORN( D, ON

------------------------------------ ----------

*Determine If the orbit is possible. Both D and N must be In
* the same direction, and non-szo.
------------------------------ -----------------

Ir DABS(d(4)).L8.Saall ).or.( DABS(n(4)).L1.SNALL)
& .or.(DOT(nn,dn).LZ.SmalI) ) THEN

Plt= 2
ELSE
CALL ANGLE( RI,R2, Theta
CALL ANGLE( R2tR3, Thetal
IF ( Thetal.GT.Thsta ) THEN

Theta =Thetal
ENDIF

------------ Perform Gibbs method to find V2------------------
Rlmr2= Rl(4)-R2(4)
R3mrl= R3(4)-Rl(4)
R2mr3= R2(4)-R3(4)
CALL LNCOH3(Rlar2,R3mrl,R2mr3,R3,R2,Rl,B)
CALL CROSS( d,r2,b )
L = 1.000 / D8SORT(dC4)*nC4))
Tovor2= L/R2M4

S CALL LNCOW2(Tover2,L,B,S#V2)

END IF
ENDI?

RETURN
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* SUBROUTINE HE=RGIBBS

* This Subroutine implements the Herrick-Gibbs approximation for orbit
* determination, and finds the middle velocity vector for the 3 given
* position vectors. The method is good for fast calculations and small
* angles, < 10 deg. Notice the angle is passed back since vectors which
* are 12 deg apart may actually be accurate, while vectors which are 170 deg
* apart would not. The observations MUST be sequential and taken on one
* revolution. The Use of Julian Dates for input makes it much easier to
* perform calculations where the sights occur around midnight. Several
* flags are passed back:

* Flt= 0 ok
* Flt = I orbits not coplanar
* Flt= 2 angles between the vectors are larger than 10 deg
k

* Notice a 1 deg tolerance is allowed for the coplanar check. This is
* necessary to allow for noisy data in the estimation project.

* Algorithm t Initialize values including the answer
* Find if the vectors are coplanar, else set a flag
* Find the largast angle between the vectors
* Calculate the Taylor series for the answer
,
* Author i Capt Dave Vallado USAFA/DPAS 719-472-4109 28 Mar 1990
*

* Inputs
* RI - IJK Position vector #1 DU
* R2 - IJK Position vector #2 DU
* R3 - IJK Position vector #3 DU
* JDI - Julian Date of lIt sighting days from 4713 D.C.
* JD2 - Julian Date of 2nd sighting days from 4713 B.C.
* JD3 - Julian Date of 3rd sighting days from 4713 B.C.

* Outputs
* V2 - IJK Velocity Vector for R2 DU / TU
* Theta - Angle between the two vectors rad
* Fit - Flag indicating success 0, 1, 2

* Locals I
* dt2l - time delta between rl and r2 TU
* dt3l - time delta between r3 and rl TU
* dt32 - time delta between r3 and r2 TU
* TolAngle - Tolerance angle (10 deg) rad
* Thetal - temporary angle between the two veoctorarad
* p - P vector r2 x r3
* pN - P Unit Vector
* RIM - Rl Unit Vector
* Terml - First Term for HGibbs expansion
* Term2 - Second Term for HGibbs expansion
* Term3 - Third Term for HGibbs expansion
* I - Index

t Constants
* TUNin Minutes in each Time Unit 13.44685108204

* Coupling
* HAG Magnitude of a vector
* CROSS Cross product of two vectors
* DOT Dot product of two vectors
* NORM Creates a Unit Vector
* LNCOM3 Combination of three vectors and three scalars
* A1GLE Find the angle between two vectors

* References a
* Escobat pg. 254-256. 304-306

*I
------------------------------
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SUBROUTINE HerrGibbs ( RltR2#R3#JD1,JD2,JD3, V2,Theta,rlt
IMPLICIT NONE
RZAL*8 Rl(4),R2(4),R3(4),J01,JD2,JD3,V2(4),Theta
INTEGRR Fit

NXTIRNAL DOT

-------------------- Locals-------------------------------
REAL*8 dt2l, dt3l, dt32, TolAzngle,p(4), Thetal,

6 TU~in, Dot, PN(4)# RlN(4), Torml,Term2,Torm3
INTEGER I

----------------- Initialize Variables ---------------------
TUMIn = 13.4468510820400

Theta = 0.000
CALL NAG( Rl
CALL NAG( R2
CALL HAG( R3
DO I= 1,4

V2Ci)= 0.00
ENDDO
TolAngle= 0.17453292500
0T21= (JD2-jDl)*l440.0D0/TUMin
DT3I= (JD3-JDl)*1440.ODO/TJNin
DT32= (JD3-JD2)*1440.ODO/TUNin

---------------- -------------------------------

*Determine if the vectors are coplanar. The DOT product of Rl and the
* normal vector of R2 and R3 will be 0 if all three vectors are coplanar.
* The Vectors are normalized to accept very small and very large
* vectors. The magnitudes are left out of the DOT product equationt
* rin dot pn a rin pn Cos() : since each vector Is normalized, so the
* magnitudes are 1.0. A 1 dog tolerance is allowed for estimation, and
* Is Implemented by allowing the angle between Rin and Pm to range from
* 89.0 to 91.0 dog, or CosCS9.O) z 0.017452406.
--------------------------- --------------------

CALL CROSS( R2,R3,P
CALL NORM( PPN)
CALL NORM( RIP RIN
IF ( DABS( DOT(R1N,PN) ).OT.0.017452406D0 ; THIN

Wltz 1
ELSE

*Check the size of the angles between the three position vectors.--
Herrick Gibbs only gives "reasonable" answers when the

* position vectors are reasonably close. 10 dog Is only an estimate.
-----------------------------------------------

CALL ANGLE( Rl,R2, Theta
CALL ANGLE( fl2,R3, Thetal
IF ( Thetal.GT.Theta ) THEM

Theta =Thetal
ENDr?

IP ( Theta.GT.TolAngle ) THEN
Fit= 2

ENDI?

---------- Perform Harrick-Cibba method to find V2 --------------
Termi, -dt32*( 1.000/ (dt2l*dt3l) + 1.000/ (12'rl(4)**3))
Term2 = (dt32-dt2l)*( 1.000/ (dt2l'dt32) +
& 1.000/ (12*r2(4)**3)
Tarm3 =dt2l'( 1.000/ Cdt32*dt3l) + 1.00/ (12*r3(4)**3))
CALL LNCOl43( TermI,Ter2,Tor3fll,R2#R3, V2

END! P
RETURN
END
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* SUBROUTINE PINOCandS

*This Subroutine calculates the C and S functions for use in the Universal
Variable calculations. NOTE equality is handled by thA series expansion0

* terms to eliminate potential discontinuities. The series is only used for
* negative values of Z since the truncation results In rather large errors
* as Z gets larger than about 10.0.

*Algorithm iIf Z is greater than zero, use the exact formulae else
* use the series form

*Author i Capt Dave Vallado USAPA/DPAS 719-472-4109 30 Jan 1991

* Inputs
* New Z variable

*Outputs

* CNew -C function value
* SNaw -S function value

*Locals

* ZSqrd - New squared
* Zrth - 1Mev to the fourth power
* SqrtZ - Square root of INsw

*Constants

S None.

*Coupling

* None.

*References

* BMW pg. 207-210 (Complete graph of S and C)
* Kaplan pg. 304-305

---------------------------------------------------- -

SUBROUTINE FindCandS ( INew, CNew,SNew
IMPLICIT NONE
REAL*8 ZNew,CNew, SNew

----- ;--------------- Locals ---------------------------- 0
REAL 0 SqrtZ, ZSqrd, Zrrth

------------------ Implementation -------------------------
IF ( ZNew.GT.0.ODO ) THEN

SqrtZ =SORT( Inew)
CNew =(1.OD0-DCOS( SqrtZ )) /1Me
SNew =(SqrtZ-DSIN( SqrtZ ))/CSqrtZ**3

ELSE
ZSqrd zZNew"*2
ZFrth =ZSqrd**2
CNew =0.500 - lNew/24.ODO + ZSqrd/720.000

-(ZSqrd*ZNew)/40320.ODO + 2lrth/3628800.ODO
& - (Zlrth*ZNew)/479001600.ODO

SNew = .ODO/6.000 - ZNew/120.ODO + ZSqrd/5040.00
& - (ZSqrd*ZNew)/362880.ODO +* Zlrth/39916800.ODO
& - (Zlrth*ZNew)/6227020800.00
END IF

RETURN
END
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* SUBROUTINE NDWTONR

• This Subroutine performs the Newton Rhapson iteration to find the

• Eccentric Anomaly given the Mean anomaly. The True Anomaly is also
• calculated.

• Algorithm t Setup the first guess
• LoCp while the answer has not converged

• Write an error if the answer doesn't converge
• Find the True Anomaly using ATAN2 to resolve quadrants

• Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
*

• Inputs
a e - Eccentricity 0.0 - 1.0

• 1 - Mean Anomaly 0.0 - 2Pi rad
*

• Outputs
* EO - Eccentric Anomaly 0.0 - 2Pi rad
• Nu - True Anomaly 0.0 - 2Pi rad

/ * Locals I
• El - Eccentric Anomaly, next value rad
• Sinv - Sine of Nu
• Cov - Cosine of Nu
* I - Index

* Constants I

• None.

• Coupling
None.

*

• Roferen:es
3 0HW pg. 184-186, 220-272

--------------------------- --------------------------

SUBROUTINE NewtonR ( 9,14, E0,Nu
IMPLICIT NONE
RLL*8 E,,E0,Nu
INTEGER I

* --------------------------- Locals -----------------------------

REAL*8 Sinv, Cosy, El

* --------------------- Initialize Variables -----------------------
E0- H
I= I

*------ Newton Iteration for Eccentric Anomaly --------------

El: 10 - ( ( !0 - e*DSIN(10)-m ) / ( 1.0 - e*DCOS(K0) )

DO WHILE ( (DABS(EI-EO).GT0.0000001D0).and.(i.le.20))
30: El

El: 30- ( ( E0 - e*DSIN(30)-m ) / ( 1.00 - e*DCOS(E0)

KNOWO

IF ( i.gt.20 ) THEN
WRITE(*,*) 'Newton Rhapson not converged in 20 Iterations'

EUDIF

S------------------ Find True Anomaly at Epoch ---------------------
81nv% ( DSORT( l.ODO-e*e ) * DSIN(EI) ) / ( I.ODO-e*DCOS(EI) )
Cosvz ( DCOS(El)-a ) / ( 1.00 - e*DCOS(EI)
NU z DATAN2( Sinv,Coav ]

RETUIN
END

=9



* SUBROUTINE KEPLER

* This Subroutine solves Keplers problem for orbit determination and returns a
* future Geocentric Equatorial (XJK) position and velocity vector. The
* solution Subroutine uses Universal variables.
,

* Algorithm Initialize variables
* Find size and shape parameters for all cases
* Setup initial guesses with IF statements
* Loop while the time has not converged
* If too many iterations, print an error
* otherwise calculate the answer

* Author a Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988
,

* Inputs 2
* Re - IJK Position vector - initial DU
* Vo - In3 Velocity vector - Initial DU / TU
* Time - Length of time to propagate TU
,
* Outputs I

* R - IJK Position vector DU
* V - IJK Velocity vector DU / TU
,
* Locals
* F - f expression

G C - g expression
' FDot - f dot expression
* GDot - g dot expression

• XOld - Cld Universal Variable X
* XOldSqrd - XOld squared
* XNew - New Universal Variable X
* XNewSqrd - XNew squared
* ZNew - New value of z
* CNew - C(x) function
* SNOW - S(s) function
* DeltaT - change in t TU

• TimeNew - New time TU
* RDotV - Result of Rb dot Vo
• A - Seml mjor axis DU

Alpha - Reciprocol 1/a
* S3E - Specific Wach Energy DU2 / TU2

* Period - Time period for satellite TU
* S - Variable for parabolic case
* W - Variable for parabolic case
* Temp - Temporary real value
* Small - Tolerance for roundoff errors
* - Index

• ConstAnts
* HalfPi 1.57079632679490
* TwoPi 6.28318530717959
* Infinite - Flag for an Infinite element 999999.9

* Coupling
* HAG Magnitude of a vector
* DOT Dot product of two vectors
• COT Cotangent function
* FindCandS Find C and S functions

• References a
* Kaplan pi. 3C4-308 ( Includes first guess for u if parabolic)
* BMW pg. 191-199, 203-212

-------------------------------
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SUBROUTINE Kepler ( Ro.Vo,Time, R,V
IMPLICIT NONE
REAL'S Ro(4),Vo(4),Time,R(4),V(4)

----- EN-DO,CT------ Locals-------------------------------
RRAL*8 F, G, PDot, Goot, DeltaT, Xold,XOld~qrd,XNew,XNewSqrd,
& ZHBV, C~ew, SNew,TimeNew,RDot:V,A2.Alpha,

SHS,Period,S,W,Texp, Small,TwoPi,HalfPi,Dot, Cot,Infinite
INTEGER I

----------------- Initialize Variables------------------------
HaltPi =l.57079632679490D0
TwoPi =6.28318530717959D0
Infinite= 999999.9
Small =0.000001D0
TimeNew =-10.000
CALL HAG( Ro)
CALL HAG( Vo)
RDotV= DOT( Ro,Vo
Do I= 1,4

V(i)= 0.0D0
ENDDO

--------------- Find SKE, Alpha, and A-----------------------
SHE: ( Vo(4)**2 / 2.ODO ) .000/Ro(4)
Alpha= -SMI'2.00
IF (DABS( SHE ).GT.Small) THZN

A= -1.000/ 2.000*8HZ
ELSE

A= Infinite
ENDrF

IF (DABS( Alpha ).LT.Small) THIN
Alpham 0.000

-------------- Setup Initial guess for x -----------------
---------------- Circle and Illipe -----------------------

IF (Alpha.GE.Small) THEN
Period= TwoPI * DSQRT( DABSIA)**3
IF (DABS( Time ).GT.ABS( Period )) THUW

Time= DMOD( Tim.,Period

IF (DABS(Alpha-l.000).GT.Small) THIN
XOld mTim * Alpha

ELSE
*-----HMake sure 1st guess in't too close for a circle,---- --------

XOld= TIme*Alpha*0 .970

ELSE
* -------------------- Parabola----------------------------

IF (DABS( Alpha ).LT.Small) THIN
5: 0.500 * (HaltPi - DATAN(

3.ODO*DSQRT( 1.ODO/(Ro(t)**3) )* Time)
W= DATAN( DTAN( 8 )**(l.ODO/3.ODO ) )
XOld = DSQRT(Ro(4))*( 2.000*COT(2.0000W) )
Alpha= 0.000

ZLSE
*-------------------- Hyperbola------------------------------

Temp= -2.0D0'Time /
£ C A*( RDotV + SIGN(l.ODO,Time)*
£ DSQRT(-A)*Cl.ODO-Ro(4)/&) )

xOld= SIGN( 1.ODO,Time )*DSQRT( -A ) DLOG( Temp
END IF

KNDll
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i= 1

DO WHILE ( (DABS(TimeNew-Time).GT.0.000001D0).and.(i.LE.15)
XOldSqrd = XOld**2
ZNew = XOldSqrd * Alpha

---- -- Find C and S functions-

CALL FindCandS( ZNew,CNew,SNOw )

---- -- Use a Newton iteration for new values -

TimeH'w = XOldSqrd*XOld*SNew + PJfotV*XOldSqrd*CNew +
& Ro(4)*XOld*( 1.0D0 - ZNew*SNew )

DeltaT = XOld~qrd*CNew + RDotV*XOld*( 1.0D0 - ZNew*SNew )+
Ro(4)*( 1.0DO - ZNOw*CN~w )

--------- Calculate new value for x
XNew = XOld + ( Time-TimeNew ) / DeltaT

------------------------------------------------

* Check if the orbit is an ellipse and xnew.GT.2pi SORT(a), the step
* size must be changed. This is accomplishcd by multiplying DeltaT
* by 10.0. NOTE 1I 10.0 is arbitrary, but seems to produce good
* results. The idea is to keep XNew from increasing too rapidily.

------------------------------------------------

IF ( (A.GT.0.0DO ).and.( ABS(XNew).GT.TwoPi*DSQRT(A)).and.
& (SNI.LTo0.0D0) ) THEN

XNow a XOld + ( Time-Ti eNew ) / ( DeltaT*10.DO )
ENDIF

* Write( *,60 ) i,XOld,TimeNew,DeltaT,XNew,SNw,CNew,znew
• 60 FORMAT( 12,1X,7(Wl0.5) )

i I+ 1
XOld = XNew

ENDDO

IF ( i.GT.15 ) THEN
Write (*,*) 'Kepler not converged in 15 iterations

ELSE

--- Calculate position and velocity vectors at new time---------
XNewSqrd = XNew**2
F a 1.0D0 - ( XNewSqrd*CNuw / Ro(4)

G = Time - XNewBqrd*XNew*SNew
DO 1= 1,3

R(I)= F*Ro(i) + G*Vo(l)
ENDDO
CALL HAG( R
GDot = 1.0D0 - ( XNewSqrd*CNew / R(4)
FDot a ( XNew / (Ro(4)*R(4) ) ) - ( ZNew*SNew - l.OD0
DO 1= 1,3

V(i) FDot*Ro(l) + GDot*Vo(t)
ENDDO
CALL HAG( V

ENDIF

RETURN
END

C3
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* SUBROUTINE GAUSS
*

This Subroutine solves the Gauss problem of orbit determinatlon and returns
the velocity vectors at each of two given position vectors. The solution

* uses Universal Variables for calculation and a bissection technique for
• updating Z. This method is slower than the Newton iteration discussed in
* BMW, but it does NOT suffer problems with negative s values, and is valid
• for ellipses LESS THAN one revolution, parabolas, and Hyperbolas. Also
• note the selection of small since the algorithm is very sensitive to
• changes in this variable. A value of 0.001 will converge in say 10
* iterations instead of 25 iterations with 0.000001, and the acctiracy will
* differ in the 3rd-4th decimal place. I chose to keep the higher accuracy
• for cases like example 13, BMW pg. 274, #5.10.
* ( Refer to graph on BMW pg. 235 for ranges of z.
,

• Algorithm Initialize variables and setup initial guesses
• Loop while the time has not converged
• If too many iterations, print an error
* otherwise calculate the answer
*

* Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

• Inputs
* RI - IJK Position vector I DU
• R2 - IJK PosLtion vector 2 DU
• DM - direction of motion 'L1,181
• Tkme - Time between Rl and R2 TU

• Outputs t
• V1 - IJX Velocity vector DU / TU
• V2 - IJK Velocity vector DU / TU
,
• Locals
• VarA - Variable of the iteration, NOT the semi major axisl
• Y
* Upper - Upper bound for Z
* Lower - Lower bound for Z
• CosDeltaNu - Cosino of true anomaly change rad
* F- f expression

G 0 - g expression
• GDot - g dot expression
• XOld - Old Universal Variable X
* XOldCubed - XOld cubed
* ZOld - New value of z
• ZNew - New value of z
* CNew - C(z) function
* SNW - S(z) function
* TimeNew - New time TU
• Small - Tolerance for roundoff errors
* I - index
* J - index

* Constants
* TwoPi 6.28318530717959
*

• Coupling
• HAG Magnitude of a vector
* DOT Dot product of two vectors
* FindCandS Find C and S functions

• References I
B BMW pg. 228-241 (Uses a Newton iteration)

@*

-----------------------------------------------------
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SUBROUTINE GAUSS ( Rl,R2,DK,Time, VI,V2
IMPLICIT NONE
REAL*8 R(4),R2(4),Tim.,Vl(4),V2(4)
CHARACTER DH
EXTERNAL DOT

----- -- -Local----
REAL*8 VarA, Y, Upper, Lover, CosDeltaNa, 1, G, GDot,

XOld, XOldCub*d,ZOld, SNOW, C~ew, 8Nev, TimeNew,
Small,TwoPI, Dot

INTEGER I, j

--- - Initialise Variables
TwoPi = 6.28318530717959D0
Small = O.OOOOODO
TimeNew= -lO0.D0
CALL MAG( Rl )
CALL MAG( R2 )
DO i= 1,4

Vl(i): 'D0
V2(1)= 0.0

HNDDO
CosDeltaNu= DOT(Rl,R2)/(RI(4)*R2(4))
IF (Dm.EQ.'L') THN

VarA v -DSQRT( Rl(4)*R2(4)*(l.ODO+CosDeltaNu) )
ELSE

VarA = DSQRT( Rl(4)*R2(4)*(l.0D0+CnsDeltaNu} )
ENDIF

* --------- Form Initial guesses .----------------------
ZOld= 0.00
CNew = 0.50
SNOw = 1.0D0/6.0D0

* --------- Bounds for Z iteration ----------------------
Upper= TwoPi**2
Lower= -2.00*TwoPi

* --------- Determine if the orbit is possible at all ------------
.F (DABS( VarA ).GT.Small) THIN

------------------------------------------------

* Perform Gaussian Iteration using Universal Variables. Notice
* the iteration is performed using a bissection techniquo instead of 6* a Newton itertion. Although the Newton iteration Is quicker, the
* bissection will not fail with large negative Z values. The upper
* and lower bounds are adjusted as required to keep y from becoming -.

---------------------------



1= 0
DO WHILE ( (DABS(Tife~ev-Time).GT.Small).and.(i.LB.30)

Y= Rl(1)+R2(1)-( VarA*(l.0D0-ZOld*Smev)/DSQRT(CNev))

*Acheck Is needed for special cases where VarA is greater than 0.0.

" It's possible that Z can become very negative, and cause the square
" root In the X01d calculation to blow Up. This section loops until
" the ZNew value will result in a + y Value. The solution is to slowly
" updat~e the lower bound of Z uutil y is +. The 0.0* for Z~ey Is simply
" a means to lot Z change a little slower. The ZNew equation is found
" by solving the y equation for x when y = 0.

----------------------------------------------

IF (( VarA.GT.O.000 ).and.( Y.LT.0.ODO )) THEN
J= 1

DO WHILE ( .LT.0.ODO ).and.( J.LT.l0
ZNewz 0.SD0*(l.ODO/SNev)*( 1.00 -

( Rl(4)+R2(4))DSORT(CNev)/VarA

---------------- Find Cand Sfunctions---------------------
CALL iTindCandg( ZNew, CNev,SNow

Lower= T0ld
Y= R1(4) R2(4) -

& ( VarA*(l.0D0-TOld*8Nev)/DSgB?(cNew))

IF (J.GX.l0) THIN
WRITE(*#*) 'Iteration tailed for in in Qauss'

ENDIF
END!?

XOld= DSQRT( Y/CNew
XOldCubed= XOld**3
Timeblev = XOldCubed*SNev + VarA*DSQRT(Y)

-------------- Readjust upper and lower bounds -------
IF CTimefe.LT.Time) THUN

Lower= TOld
ENDI?

IF (TimeNsw.-.TTime) THIN
Upper= ZOld

ZNew= ( Uppor+Lower )/2.ODO

* Write( *,60 ) i,TOld,YtXOld,TiaeNew,'iarA,upper,lower

------- Mk uetefrtgekis'tocle

TimeNew x -10.000
END!?

--------------- Find Cand 9function---- -

CALL FindCandS( 2Mev, C~ew,8)1ew
ZOld = ZNew
i= I + 1

ENDDO

IF ( i.GE.30 ) THEN
Write (*,*) 'Gauss not converged in 30 iterationsI

ELSE

-------- Use P and G series to find Velocity Vectors
F = .0DO - ( Y / Rl(4))

G VarA*DSQRT( I )
GDot = 1.00 - Y/R2(4)
DO 1= 1,3

Vl(i)= ( R2(1) - 1PR(i) )/G
V2(1)= ( GD.tt'R2(i) - Rl(i) )/G

ENDDO
CALL H4AG( Vl)
CALL HAG( V2)

END!?

ELSE
Write( 1 'Gauss problem cannot be solved'

END!?
RET~URN
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* SUBROUTINE IJ~toLATLON

* This Subroutine converts a Geocentric Equatorial (IJK) position vector into
* latitude and longitude. Geodetic and Geocentric latitude are found.

* Algorithm t Initialize variables
* Find the longitude being careful to reslove the angle
* Setup iteration for latitude
* Loop while the deltas are not equal
* Write an error message if the values do not converge

* Author :Capt Dave Vallado USAPA/DIAS 719-472-4109 20 Sep 1990

* InputsI
* R - IJK position vector DU

J D - Julian Date days from 4713 B.C.

* Outputs
* GeoCnLat - Geocentric Latitude -Pi/2 to Pi/2 rad
* Lon - Longitude (WEST -)-2Pi to 2Pi rad

* Locals
R c - Range of site w.r.t. earth center DUi

* Height - Height above earth w.r.t. site DUi
* Alpha - Angle from I axis to point, LST rad
* OldDelta - Previous value of DeltaLat rad
* DeltaLat - Diff between Delta and Geocentric lat rad
* GeoDtLat - Geodetic Latitude rad
* TwoF?4inusF2 - 2*r - F squared
* OneMinusF2 - ( 1 - r ) squared
* Delta - Declination angle Of R In 13K system rad
* RSqrd - Magnitude squared DU2
' Temp - Diff between Geocentric/Geodetic lat rad
* GST - Greenwich Sidereal Time rad
* SinTemp - Sine of Temp rad
* I - index

* Constants
* Pi 3.14159265358979
* TwoPi -6.28318530717959

* Flat -Flatenning of the Earth 0.003352810664747352

:coupling
H AG M~agnitude of a vector

* GSTime Greenwich Sidereal Time

* References t
* Escobal pg. 398-399

---------------------------------------------- ------ -
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SUBROUTINE IJKtoLatLon ( R, .70, GsoCnLat, Lon
IMPLICIT NONE

RXAL*8 R(4) ,JD,GeoCnLat,Lon

---------------- L o c al----------- ----
REAL*8 Rc, Height, Alpha, OldDelta, DoltaLat, GeoDtLat,

TworlMinusF2,OnetXinuvF2, Delta, Temp, GST, R~qrd,
&PI,TwoPi,Flat, GOTIme, SinTemp

INTEGER i

----------------- Initialize values--------- ---------
Pi =3.14159265358979D0
TWOPi =6.28318530717959D0
Flat =0.00335281066474735200
TvoF~inusF2 = 2.ODO*Flat - Plat**2
On*MinusF2 = ( 1.ODO-Flat )**2
CALL HAG( R)

-------------- Find Longitude value---------------------------
*Temp DSQRT( R(1)*R(l) + R(2)*R(2))

Alpha DATan2( R(2) /Temp , R(l) / Temp
GST cGSTII4Z( JD
Lon =Alpha - GST
If ( OAB8Lon).GE.Pi )THUN
IF (Lon.LT.0.0 ) THEN

Lon =TwoP1 + Lon
ELSE

Lon ULon - TWOPI
END!?

END!?

------------ Set up initial latitude value------------------
Delta x DATan( R(3) / Temp)
IF ( DASS(Delta).GT.Pi ) THMN

Delta& DM00( Dolta#Pi
ENDI?

GeoCnLat Delta
OldDelta 1.000
DeltaLat 10.00
RSqrd R(4)**2

------ iterate to find Geocentric and Geodetic Latitude-----------

DO WHILE ((DABS(OldDeIta-DeltaLat) .GT.0OO1DO) .and.
£(i.LT.10))
OldDelta =DeltaLat
Rc =DSQRT( ( l.ODO-Twolhinuul2 /

£ ( l.ODO-TWOl~inusF2*DCOS(G~oCniat)**2)
GeoDtLat =DATan( DTAN(GeoCnLat) / Ono~inusF2)
Tamp =GeootLat-GeoCnLat
SinTemp = DSIN(Tomp)
Height =DSQRT( R~qrd - Rc**2*SinTeuV**2)-

& Ro*DCOS(Temp)
DeltaLat =DA8IN( Holght*SinTemp / R(4))
GooCnLat =Delta - DeltaLat

IF ( i.GE.10 ) THEN
Write(*,*) 'IJ~toLatLon did NOT converge

KNmll
RETURN
END
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* SUBROUTINZ SUNl

* This Subroutine calculates the Geocentric Equatorial position vector for
* the Sun given the Julian Data. This Is the low precision formula and

* is valid for years from 1950 to 2050. Accuaracy of apparent coordinates
* is 0.01 degrees. Notice many of the calculations are performed in
* degrees, and are not changed until later. This is due to the fact that
* the Almanac uses degrees exclusively In their formulations.

* Algorithm i Calculate the several values needed to find the vector
* Be careful of quadrant checks

* Author :Capt Dave Vallado USAVA/DIAS 719-472-4109 25 Aug 1908

* Inputs
J D -Julian Date days from 4713 B.C.

* Outputs I
* RSun - 131 Position vector of the Sun AU
* RtAsc - Right Ascension rad
* DecI - Declination red

* Locals
* MeanLong - Mean Longitude
* Meanknomaly - Mean anomaly
* N - Number of days from 1 ian 2000
* EclpLong - Ecliptic longitude
* Obliquity - Mean Obliquity of the Ecliptic

* Constants
* Pi 3.14159265358979
* TwoPi 6.28318530717959
* Rad 57.29577951308230

* Coupling t
H one.

* References
* 1987 Astronomical Almanac Pg. C24

--------------- --------------------------------------
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SUBROUTINE Sun ( JD, RSun,RtA$C,DOCl
IM4PLICIT NONE
RfL*8 JD,RSun(4),RtAscDocl0---------------- Local$ --------------
REAL*8 MeanLong, MeanAnomaly, SclpLong, obliquity, N, PI,

&TwoPI, Rad

-------------- Initialize values -----------
Pi 3.1415926535897900
TwoPI= 6.28318530717959D0
Rad =57.2957795130823000
N =( Jo - 2451545.ODO

NeanLong= 280.460D0 + O.9856474D0*N
MsanLong= DMOD( MeanLong,360.ODO

MeanAnomaly= 357.528D0 + O.9856003DO*N
Meanhnomaly: DMOD( Meanknomaly/Rad,TvoPi
IF (NtanAnomaly.LT.O.OD) T fM

MeanAnomaly= TwoPi + Meanknomaly
END!?

EclpLong = HanLong + 1.91500*DSINCHeanAnomaly) +
0.020W0DSIMC2.0WO*eanknomaly)

Obliquity= 23.439D0 - O.0000004DO*N

MeanLong =MeanLong/Rad
IF (NsanLong.LT.0.ODO) THNN

MeanLong: I'woPi + IMeanLong

EclpLong = EclpLong /Red
Obliquity =Obliquity ReHd

RtAscz DATAN( DCOS(ObliquIty)*DTAN(EclpLong))

* ------ Check that Rthsc Is In the sme quadrant as ZclpLong--
* ---------- make sure It's in 0 to 2pi rang-,---------------

IF (NclpLong.LT.0.ODO) THIN
McIpLong= EclpLong + TwoPi

0 IF (DABS(ZClpLong-RtAsc) .QT.(Pi/2.OD0)) THEN
RtAsc: RtAsc + 0. 500*Pi*DVfIT( (ZClpLong-RtAsc)/( 0 *SDO*Pi))

END!?

Decl = DAS!N( DSIN(Obliquity)*DIIN(ZclpLong))

* ------ FInd magnitude of SUN vector, then components-------------
RSun(4)= 1.0001400 0.03.671D0*DCOS( Meanknomaly)

& - 0.OO0l400*DCOS( 2.0D0MeanAno~aly)
RSun(I)= R~un(4)*DCOS( DclpLong )
Rsun(2)= R~un(4)*DCOS(Obliquity)*DS!N(RclpLong)
RSun(3)x RSun(4)*DSIN(Obllquity)'OSlI(EclpLong)

RETURN
END
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* 8UBROUTINE MOOR,

* This subroutine calculates the Geocentric Equatorial (IJK) position vector
* for the moon given the Julian Date. This is the low precision formula and
* is valid for years between 1950 and 2050. Notice many of the calculations
* are pqrformed in degrees. This coincides with the development in the
* Almanac. The equation for Ecliptic Longitude was split in two to prevent
* software problems with numeric coprocessors. The error seemed to be a
* stack overflow since the equation is so long. The program errors are as
* follows:
,
* Ecipitic Longitude 0.3 degrees
* Eclpitic Latitude 0.2 degrees
* Horiz Parallax 0.003 degrees
* Distance from Earth 0.2 DUs
* Right Ascension 0.3 degrees
* Declination 0.2 degrees

* Algorithm : Find the initial quantities
* Calculate direction cosines
* Find the position and velocity vector

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 25 Aug 1988

* Inputs
* JD - Julian Date days from 4713 B.C.
,

* Outputs I
* RMoon - IJK Position vector of the Moon DU
* RtAsc - Right Ascension rad
* Decl - Declination red

* Locals
* EclpLong - Ecliptic Longitude
* EclpLat - Bclpitic Latitude
* HzParal - Horlsontal Parallax
* 1 - Geocentric Direction Cosines
* m -

* n -
* Tu - Julian Centuries from 1 Jan 1900
* x - Temporary REAL value

Constants

TwoPi 6.28318530717959
* Rad 57.29577951308230

* Coupling
* None.

* References
* 1987 Astronomical Almanac Pg. D46
* Explanatory Supplement( 1960 ) pg. 106-111
* Boy, Orbital Motion Pg. 61-62 ( Discussion of parallaxes

*e

-----------------------------------------------------
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SUBROUTINE4 Moon ( JD,IU400n,RtAnc,DecI.
IMPLICIT NONE
RZAL*8 JDRgoon(4),Rtkoc,DecI

---------------- Lo ca----------- ------
RIAL*8 EclpLong, XclpLat, HaParal, l,m,n,Tu,TwoPi, Rid, x

------------------ nitialize values -------------------
TvoPi= 6.28318530717959D0
Rad = 57.29577951308230D0
Tu = J D - 2451545.ODO )/36525.ODO

x 218.32D0 + 481267.883D0*Tu
& + 6.29*DSin( (134.9DO+477198.85DO'Tu)/Rad)
£ - l.27*DSin( C259.2DO-4l3335.38DO*Tu)/Rad)

+ O.66*DSin( (235.7D0+890534.23D0*Tu)/Rad

EclpLong= x + O.21D0'DSin( (269.9D0+954397.70D0*Tu)/Rad )
£- O.19D0*DSin( (357.5DO+ 35999.OSDO*Tu)/Rad )
£- O.11DO*DSin( (166.6D0+966404.05D0'!u)/Rad )

EcIpLat = 5.13D0'DSin( ( 93.3D0+483202.03D0*Tu)/Rad )
£+ O.28D0'DSin( (220.200+960400.87D0*Tu)/Rad )
£- O.2800*DSin( C318.3D0+ 6003.lSDO*Tu)/Rad )
*- 0.17DO'D~in( (217.SDO-4O7332.2ODO*TZu)/Rad )

x O .9508D0 +
& O.0518D0'DCos( (.34.9+477198.OS*Tu)/Rad

HaParal =x + O.O0g5DO*DCos( (259.2D0-413335.38D0*Tu)/Rad )
+ O.007800'DCos( (235.7DOtS9O534.23D0'1u)/Rad )

&+ 0.0028D0'DCos( (269.9D0+954397.7ODOtTu)/Rad )

EclpLong aDMOD( tclpLong/Rad, TwoPi
EclpLat =D#40D( SclpLat/Rad, TvoPi)
HzParal =OMODC HaParal/Rad, ?jwoPi)

*------------------ Find the geocentric direction cosines --------------
la DCOS( XIpLat ) * DCOS( SoIpLong )
ma O.9175D0*DCOS(UclpLat)*DSllCXclpLong)

* - O.3978D0'DSfI(RclpLat)
na 0. 397e00'DCOS(IclpLat)'D8ZM(IclpLong)
& + O.9175DO*DSIN(solpLat)

*------------------- Calculate Moon position vector ------------

R~oon(4)z l.ODO/DSZM( Hxlaral
RWoon(l)= R~oon(4)*l
Wmoon(2)- RJ~oon(4)tfu
R)4oon(3)= R~oon(4)*n

*--------------------- Find Rt Ascension and Declination--- -

Rthsc= DATan2( m,l
Dodl DAGZM( n

RETURN
END



* SUBROUTINE PLAN1TRV

* This subroutine calculates the planetary ephemerides using the Epoch 32000.

* The coefficients are obtained from Danbys book and provisions are left

* to obtain Heliocentric Equatorial, or Heliocentric Ecliptic coordinates.

* Notice the ephemeris presents data wrt the solar equator.

* Algorithm Use a case statement to assign each planets values

* Find the vectors
*

* Author :Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989
,

* Inputs

* NumPlanet - Number of planet 1..9
* JD - Julian Date days from 4713 B.C.
*

* Outputs
* R - XYZ position vector AU

* V - XYZ velocity vector AU / TU

* Locals
* U
* 1
* cappi -

* TU
* N-
* obliquity -

* a
* B

* p
* inc
* omega -
* argp
* nu
* Ia
* LLong -

* LongP -
* 0

* Coupling

* NewtonR
* Rand

* Constants
* TwoPi

* References
* Danby pg.
* EscobP) pg. 261-270

----------------------------------------------------

SUBROUTINE PlanttRV ( NumPlanet,JD, R,V )

IMPLICIT NONE

REAL*8 R(4),V(4),JD

INTEGER Nu Planet

-------------------- ------ Locals -----------------------------

REAL*8 TUDAySun,u,l,cappi,Tu,n,obliquity,
& TwoPi,a,e,p,inc,oagaargp,nullong,longp,m,eORad

INTEGER i

*----------------------- Implementation -------------------------

TwoPi = 6.28318530717959D0
Rad = 57.29577951308230D0

TU ( JD - 2451545.ODO ) / 36525.0D0
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* - mercury -
IF (NumPlanet.eq.1) THEN

LongP= 1.3518643 + 0.0271656"Tu + 0.000005166*Tu*Tu
Omega=  0.8435332 + 0.0207029*Tu + 0.000003072*Tu*Tu
Inc 0.1222601 + 0.0000318"Tu - 0.000000314*Tu*Tu
* = 0.2056318 + 0.0000204*Tu - 0.000000030*Tu*Tu
LLcng= 4.4026098 +2608.8147071"Tu + 0.000005306*Tu*Tu
a 0.3871035

ENDIF
------------ Venus ----------------------------

IF (NumPlanet.eq.2) THEN
LongP= 2.2962199 + 0.0244734*Tu - 0.000018727*Tu*Tu

- 0.000000087*Tu*Tu*Tu
Omega= 1.3383171 + 0.0157275"Tu + 0.000007103*Tu*Tu
Inc 0.0592480 + 0.0000175*Tu - 0.000000017*Tu*Tu
a 0.0067719 - 0.0000478*Tu
LLong= 3.1761467 +1021.3529430*Tu + 0.000005428*Tu*Tu
a = 0.7233074

END!?
* ---------------------------- Earth

IF (NuPlanet.eq.3) THIN
LongP= 1.7965956 + 0.0300116"Tu + 0.000008029*Tu*Tu
Omega= 0.0000000
Inc = 0.0000000

= 0.0167086 - 0.0000420*Tu
LLong= 17.4614336 + 628.3319667'Tu + 0.000005306*Tu*Tu
a = 1.0000116

EiNDIF
rMars

IF (NumPlanet.eq.4) THIN
LongP= 5.8653576 + 0.0321323'Tu + 0.000000236*Tu*Tu
Omega: 0.8649519 + 0.0134756"Tu + 0.000000279*Tu*Tu
Inc x 0.0322838 - 0.0000105*Tu + 0.000000227*Tu*Tu
* = 0.0934006 + 0.0000905*Tu - 0.000000080*TU*Tu

LLong =  6.2034809 + 334.0856279"Tu + 0.000005428*Tu*Tu
a : 1.5237107

ENDI
* --------------------------- - Jupiter ----------------------------

IF (NumPlanst.oq.5) THEN
LongPx 6.5333138 + 0.0281458"Tu + 0.000017994*Tu*Tu

- 0.000000070*TU*TU*Tu
Omega =  1.7534353 + 0.0178190*Tu + 0.000006999*Tu*Tu
Inc : 0.0227464 - 0.0000959*Tu + 0.000000087*Tu*Tu

a 0.0484949 + 0.0001632*Tu - 0.000000470*Tu*Tu
LLongz 0.5995465 + 52.993480S'Tu + 0.000003910*Tu*TU
a x 5.2102156

END!F
-------------------------------.. Saturn ----------------------------

IF (NumPlanet.eq.6) THEM
LongPz 1.6241473 + 0.0342741'Tu + 0.000014626*TU*Tu

& 4. 0.000000087*Tu*Tu*Tu
Omega= 1.9838376 + 0.0153082*Tu - 0.000002112*Tu*TU

& - 0.000000035*TU*Tu*Tu
Inc = 0.0434391 - 0.0000652*Tu - 0.000000262*Tu*Tu
o r 0.0555086 - 0.0003468*Tu - 0.000001000*Tu*Tu
LLongn 0.8740168 + 21.3542956"Tu + 0.000009076*Tu*Tu
a z 9.5380701

EMDir
* ------------------------------- Uranus ---------------------------

IF (NumPlanot.oq.7) THEN
LongP= 3.0195096 + 0.0259422*Tu + 0.000003752*Tu*Tu
Omega= 1.2916474 + 0.0090954*Tu + 0.000023387*Tu*Tu

+ 0.000000332*Tu*TutTu
Inc = 0.0134948 + 0.0000135*Tu + 0.000000646*Tu*Tu
a z 0.0462959 - 0.0000273'Tu + 0.000000080*TU*TU
LLong= 5.4812939 + 7.5025431'TU + 0.000005306*Tu*Tu
a = 19.1833020

..............................- Neptune ----------------------------
IF (HumPlanot.eq.8) THIN

LongP= 0.8399169 + 0.0248931%Tu t 0.000006615*Tu*Tu
Omega: 2.3000657 + 0.0192371"Tu + 0.000004538*Tu*Tu
Inc = 0.0308915 - 0.0001625*Tu - 0.000000140*Tu*Tu
o = 0.0089881 + 0.0000064*Tu
LLong= 5.3118863 + 3.8376877*Tu + 0.000005393*Tu*Tu
a = 30.0551440

ENDI?
* ------------------------------ Pluto ----------------------------

IF (NuiPlanet.eq.9) THIN
LongP= 3.9202678
Omega: 1.9269569
Inc = 0.2990156
e = 0.2508770
LLong

=  
3.8203049

a z 39.5375800
ENDIF



LLong= DOOO LLong ,TwoPI)
LongP= DHOD( LongP #TwoPI)
Omega= 0140D( Omega TVoPI)

Argp= LongP - Omega
14 = LLong - LongP

CALL NewiTonR( &e, 30,Nu
p= a*(l.0D0-e**)

u 0.00

Cappi= 0.00

CALL IiANDV( PleInc,OmegaArgp,Nu,U,L,CapPi, R,V

*Alternate method for finding position vector
* r(4)= ( a*( 1.0-0e) ) / ( 1.0Ie'Cos(Hu)
* r(l)= r(4)*( Cos(Nu+Argp)*Cos(Qmega)-8in(Nu+Argp)Cos(lc)*SinOUIega))
* r(2)= r(4)*( Cou(Nu+Argp)*Sin(Omga)+Si(Nu+Argp)*CoU(flc)*CoU(Ofega))
* r(3)= r(4)*Sin(Nu+Argp)*Sln(Inc)

------ Calculations required for reference to mean equator -------
N =( JD - 2451.545.00)
Obliquity = (23.439 - 0.0000004D0*N) /Rad

CALL ROT1C R ,-Obliquity, R )
CALL ROTIC V ,-Obliquity, V )

TUDaySun= 54.2076535500
DO 10 iz 1, 3

v(i)= v(i)/tudayaun
10 CONTINUE

* IP (Show.eq.'Yl) THIN
*Write(*,*) onPa a I Omega,,

*Writo(*,5) a,Z,Inc*rad,Ouega*radtLongPrad
*Write(*,*) I LLong Argp H Nu1
*Writo(*,6) LLong*rad,Argp*rad#H*rad,Nu*X~d
*Write(*,*) 'JD x 'JD

5 FORHAT( 5(?12.7,1X))0
*6 FORHAT( 4(F12.7,1X))

RETURN
END

SC 44



-- - - --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

* FUNCTION GROCMNTRIC

*This Function converts from Geodetic to Geocentric latitude. Notice that
S (1-f) squared = -eSqrd.

*Algorithm : Find the answer

*Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988

* Inputs
* Lat - Geodetic Latitude -P1/2 - Pi/2 rad

*outputs I
** Geocentric - Geocentric Latitude -Pi/2 - P1/2 rad

*Localst

* None.

*Constants

* ERSqrd -Eccentricity of Earth squared 0.00669437999013

*Coupling

* None.

*References

* Escobal pg. 136
* Kaplan pg. 332-336

-----------------------------------------------------

RKAL*6 FUNCTION Geocentric ( Lat
IMPLICIT NONE
RZAL*8 Lat

REAL*8 RESqrd
----------------- Initialize values-----------------------

ZESqrd = 0.0066943799901300
Geocentric= DATAN( (1.000 - MZqrd)'DTAN(Lat)

RETURN
END

-----------------------------------------------------

* FUNCTION INYGEOCRNTRIC

*This Function converts from Geocentric to Geodetic latitude. Notice that
* (1-f) squared z1-esquared.

*Algorithm i Find the answer

*Author i Capt Dave Vallado U8AFA/DFAS 719-472-4109 12 Aug 1988

*Inputs

* Lat -Geocentric Latitude -P1/2 -P1/2 rad

*outputs I
* InVGoocentric- Geodetic Latitude -P1/2 - P1/2 rad

*LocalsI

* None.

*Constants

* E08qrd -Eccentricity of zarth squared 0.00669437999013

*Coupling

* None.

*References I
* Escobal pg. 136
* Kaplan pg. 332-336

------------------------------ ----------------------

REAL*8 FUNCTION InvGeocentric ( Lat
IMPLICIT NONE
REAp.*8 Lat

RZAL*8 ESSqrd
---------------- Initialixe values---------- -------

EESqrd =0.0066943799901300
InvGeocentric= DATAN( DTAN(Lat)/(l.000 - &W~qrd))

RETURN
END
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* SUBROUTINE SIGHT

* This subroutine takes the position vectors of two satellites and determines
* if there is line-of-sight between the two satellites. A spherical Earth
* with radius of I DU is assumed. The process is to form the equation of
* a line between the two vectors. Differentiating and setting to zero finds
* the minimum value, and when plugged back into the original line equation,
* gives the minimum distance. The parameter tmin is allowed to range from
* 0.0 to 1.0.

Algorithm Find tmin
* Check value of tmin for LOS
* Find dist squared if needed

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 31 Jan 1990

* Inputs

* Rl - Position vector of the first sat DU
* R2 - Position vector of the second sat DU

* Outputs

* LOS - Line of Sight 'Yes','No

* Locals
* ADotB - Dot product of a dot b
* THin - Minimum value of t from a to b
* DistSqrd - Distance squared for min dist to earth DU
* ASqrd - Magnitude of A squared
* BSqrd - Magnitude of B squared,
* Constants

* None.

* Coupling t
* DOT Dot product of two vectors

* References
* None.

SUBROUTINE SIGHT ( Rl,R2, LOS
IMPLICIT NONI
REAL*8 RI(4), R2(4)
CHARACTZR*3 LOS
EXTERNAL DOT

*-------------------------- Locals----------------------------
REAL*8 Dot,ADotB, THin,DistSqrd,ASqrdiBSqrd

BSqrd = R2(4)**2
ASqrd = RI(4)**2
ADotB = DOT( RI,R2
THin = ( ASqrd - ADotB ) / ( ASqrd + BSqrd - 2.^=q*ADotB

IF ( (THin.lt.0.ODO).or.(THin.gt.l.0D0) ) THEN
LOS = 'YES'

ELSE
DistSqrd = (l.0DO-THin)*ASqrd + ADotB*THin
IF (DistSqrd.gt.l.ODO) THEN

LOS = 'YES'

ELSE
LOS = 'NO

ENDIF
ENDIF

RETURN
END

*

* 466



* SUBROUTINE LIGHT

*This subroutine determines if a spacecraft is sunlit or in the dark at a
* particular time. A spherical Earth and cylindrical shadow is assumed.

*Algorithm tFind the sun vector
* Use the sight algorithm for the answer

*Author i Capt Dave Vallado USAFA/DFAS 719-472-4109 9 Feb 1990

* Inputs
* R - IJK Position vector of satellite DU

J D - Julian Date of desired observation days

*Outputs I
* Vis Visibility Flag e'N

*Locals

* RtAxc -Suns Right ascension rad
* Decl -Suns Declination rad
* RSun -Sun vector AU
* AUDU -Conve sion from AU to DU

*Constants

* None

*Coupling

* SUN Position vector of Sun
* LNCOMI Multiple a vector by a constant
* SIGHT Does Line-of-sight exist bewteen vectors

*References t

* scobal pg.

SUBROUTINE LIGHT (R,JD, VIS
IMPLICIT~ NONE
REAL*8 R(4),JD

*---- --ace* -V------- Locals----------------------
REAL*8 RSun(4) ,AUDU,RtAscD*cl

------------------ Implementat ion --------------------
AUDU =1495996S0.OD/6378.137D0

CALL SUN( JD,RSun,RtAsc,Decl
CALL LNCOMl( AUDUoRSun, RSun

* Write(51 10) 'RSun a ,R~un(l),RSun(2),RSun(3),RSun(4)
*10 FORMAT( A5,4(?14.8) )

---------- Is the satellite in the shadow or not--------------
CALL SIGHT( RSun,R, Via

RETURN
END
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* SUBROUT INE 01482

This subroutine determines the velocity and position vector of the shuttle
* after it performs the 0148-2 burn. Assume the burn and the resulting
* velocity change are instanteanous.

*Algorithm t Find the velocity vector
* Rotate to IJ1

*Author i Capt Dave Vallado USAFA/DFAS 719-472-4109 7 mar 1990

* Inputs

* Lat - Geodetic latitude of the shuttle's Earth sub-
*point (its NADAR) before the burn. rad

* Lon - Geodetic longitude of the shuttle's RADAR rad
* Alt - Altitude of the shuttle above the Earth's surface DU
* Phi - Shuttle flight path angle rad
* Ax - Shuttle azimuth angle rad
* Speed - Shuttle scalar velocity with respect to inertial space DU/TU

J D - Julian Date Ref 4713 B.C.

*OutputsS

* R - Position vector of the shuttle after the 01452 burn DU
* V - inertial velocity vector of the shuttle after 01482 burn DU/TU

*Locals
* VSEZ Velocity vector expressed in the SEI frame DU/TU

*Constants

* HalfPi

*Coupling

* LSTIME F ind LST and GST
* SITE -Find Site vector on an oblate Earth
* ROT2 -Rotate about the 2 axis
* ROT3 -Rotate about the 3 axis

*References
* None.

*-----------------------------------------------------------------------------------------

SUBROUTINE 0M52( LatLon,Alt,Phi,Az,Speed,JD, RV
IMPLICIT NONE
REAL*8 LatLon,Alt,Phi,Az,Speed,R(4),V(4),JD

------------------------------ Local Variables -----------------------
RE.AL*8 GST, LST, VSBZ(4),VS(4),HalfPI#TempVec(4)

*---------------------------- Initialize Variables---------------------
HalfPI = 1.5707963267949000

CALL LSTIme( Lon,JD, Lst,Gst
CALL SITE( Lat,Alt,Lst, R,VS

*-------- Velocity vector In the rotating, Harth-fixed 532 frame -------
VSEZ(l) =-Speed * DCOS(Phi) * DCOS(As)
VSEZ(2) =Speed * DCOS(PhI) * DBIN(Ax)
VSEZ(3) =Speed * DSIN(Phi)
CALL H4AG( VSZZ

-------------------- Perform SEZ to IJK transformation----------------
CALL ROT2( VS&Z, Lat-HalfPl, TempVec
CALL ROT3( TempVec, -LST ,V

RETURN
END
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* SUBROUTINE RNGAZ

*This subroutine calculates the Range and Auimuth between two specif ied
* ground points on a spherical Barth. Notice the rang* will ALWAYS be
* within the range of values listed since you do not know the direction of
* firing, long or short. The procedure will calculate Rotating Earth ranges
* if the TOF is passed in other than 0.0.

*Algorithm iFind the range
* Calculate the As noting all combination* of quadrants

*Author t Capt Dave Vallado USAPA/DPAB 719-472-4109 25 Aug 1988

* * Inputs
* LLat - Start Geocentric Latitude -Pi/2 - Pi/2 rad
* LLon - Start Longitude (WEST -) 0.0 - 2Pi rad
* TLat - End Geocentric Latitude -Pi/2 - Pi/2 rad
* TLon - End Longitude (WEST -) 0.0 - 2Pi rad
* TOP - Time of flight If ICBM, or 0.0 TU

*Outputs

* Range - Range between points 0.0 - Pi rad
* Az - Azimuth 0.0 - 2Pi rad

* LocalsI
* Small - Tolerance

*Constants t
* TwoPi 6.28318530717959
* Pi 3.14159265358979
* OmegaEarth -Angular rotation of Earth (Rad/TU) 0.05e$335906868878

*Coupling

* None.

*References

B MW pg. 309-311

------------------------------------------------------

0 SUBROUTINE RngAz ( LLat,LLon,TLat,TLon,TOP, Range,Az)

*--------------- Locals ------------------------

REAL*S Small, Pi, TwoPi, Omegalarth

* ---------------- Initialize value--------------------------
PI = 3.14159265358979D0

Small = 0.OOOO0lDO
Omegagartha 0.0598335906868878D0
TwoPi Z 6.2931853071795900

Range= DACOS( DSIN(LLat)*DSIN(?Lat) + DCOSCLLat)*DCQS(TLat)*
DCOS(TLon-LLon + Omegamarth*TOY) )

* ------ Check if range Is 0 or half the Earth distance -----------
IF ( DABS( DSin(Range)*DCos(LLat) ).LT. Small) THIN

IF ( DABS( Range - Pi ).LT.Small ) THRM
Az= Pi

ZLSE
* As= 0.000

ELSE
Az= DACOS( ( DSIN(TLat) - OCOS(Rangs) * 08fl4(LLat))/
& C( DSfll(Rangs) * DCOS(LLat))

KNDIF

------- Check if the Azimuth is grt than 180 degrees --------

IF (DSIN( TLon -LLon + Omeg&larth*TOP ).LT.0.000) THEN
As= TwoPi -A2

RETURN
END
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* SUBROUTINE PATH

* This subroutine determines the end position for a given range and asimuth
* from a given point. Notice the use of ATAN2 to eliminate quadrant 0
* problems. Also, Geocentric coordinates are used since the Earth is
* assumed to be spherical.
,

* Algorithm : Find the latitude
* Find the changi in longitude noting quadrant possibilities
* Calculate the longitude

* Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 25 Aug 1988

* Inputs
* LLat - Start Geocentric Latitude -PI/2 - Pi/2 rad
* LLon - Start Longitude 0.0 - 2Pi rad
* Range - Range between points DU
* AZ - Azimuth 0.0 - 2Pi rad

* Outputs
* TLat - End Geocentric Latitude -Pi/2 - Pi/2 rad
* TLon - End Longitude 0.0 - 2Pi rad

* Local& I
* SinDeltaN - Sine of Delta N rad
* CosDeltaN - Cosine of Delta N rad
* DeltaN - Angle bteween the two points rad
* Small - Tolerance

* Constants

* Pi 3.14159265358979
* TwoPi 6.28318530717959

* Coupling
* None.

* References
* B4W pg. 309-311

*O

------------------------------
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SUBROUTINE Path ( LLat,LLon,Range,Az, TLat,TLon
IMPLICIT NONE
REAL*8 LLat,LLon,Range,AzTLatTLon

- ------------------- Locals-------------------------------
REAL*S SinDeltaN,CosDeltaN, DeltaN, Small, TwoPi, Pi

----------------- Initialize values -----------

PI = 3.14159265358979D0
TwoPi= 6. 283l853O7l7959DO
Small= 0.000000100

AZ= DNOD( AZ,TwoPi
IF (LLon.LT.0.ODO) THEN

LLon= TwoPI + LLon
Moir?

IF (Range.GT.TwoPi) THEN
Rang*= DNOD( Range,TwoPI)

END!?

-------------- Find Geocentric Latitude -----------

TLat zDAS!H( DSINCLLat)*DCOS(Range) +
a DCOS(LLat)*D8IN(Range)*X)OS(Ax))

----- ---- Find Delta N, the angle between the points------------
IF ((DABS(DCOS(TLat)) .GT.Saall) .and.
a (DABS(DCOS(LLat)).G;T.Sm&Il) ) THEN

SinDeltaNc DSIN(Az)*DSIN(Range) / DCOS(TLat)
CooDeltaN= ( DCOB(Range)-D8IN(TLat)'DB!N(LLat))/

a ( DCOS(TLat)*DCQS(LLat))
DeltaNz DATan2 (SinfleltaW,CoxDeltaN)

ELSE
-------- Case where launch is within 3nm of a Polo------------

IF (DABS (DCOS(LLat)) .LZ. gull) TUIM
IF (fRange.GT.Pi).and.(Range.LT.TwoPi)) THEN

DeitaNc As + P1
ELSE
ENDIF

ENI!
-------- Came where end point Is within 3nn of a pole-------------

It (DABS( DCOOCTLat) .L.al)THEN
DoltaNm O.ODO

ENDI?

TLonx LLon + DeltaN
I? (TLon.LT.O.ODO) THEN

TLonz TwoPi + TLon
END!?

IF (TLon.GT.TwoPi) THEN
TLon= DNOD( TLon,TwoPi

END!?

RET'URN
END
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* SUBROUTINE TRAJBC
This subroutine ca".culates the Range, Azimuth, and Time of Flight between

* two specified ground points for an ICBM with a known Q. Calculations
* depend on knowlidge of burnout conditions, and the iterations are
* performed for either a high or low trajectory. Notice the ICBM will fly
* on an inertial trajectory, and values for earth relative velocities,
* etc., are calculated after the iteration. Notice these calculations do
* not support trajectories over half the wozld away.

* Algorithm : Find the Range and As with 0 TOF

* If the trajectory Is possible,
* Loop to find the Hange and As corrected
* Calculate influence coefficients
* Find velocity needed
,

* Author t Capt Dave Vallado USAFA/DeAS 719-472-4109 9 Oct 1988

* Inputs t
* LLat - Start Geocentric Latitude -PI/2 - Pi/2 rad
* LLon - Start Longitude (WEST -) 0.0 - 2Pi rad
* TLat - End Geocentric Latitude -PI/2 - Pi/2 rad
* TLon - End Longitude (WEST -) 0.0 - 2Pi rad
* Rbo - Radius at burnout DU
* 0 - Non-dimensional Q performance based on Inertial Velocity
* TypePhi - Type of trajectory, High ot Low 'H', 'LI
*

* Outputs
* Range - Rotating Range between points 0.0 - Pi rad
* Phi - Inertial Flight Path Angle rad
* TOF - Rotating Earth Time of Fligth TU
* As - Inert Azimuth 0.0 - 2Pi rad
* ICPhi - Influence Coefficient for Phi rad/rad
* ICVbo - Influence Coefficient for Vbo rad/ du/tu
* ICRbo - Influence Coefficient for Rbo rad/rad
* Vn - Velocity the missile needs to provide DU/TU

* Locals I
* Small - Tolerance
* QBoMin - Minimum Q for a given range

* VEarth -
* VBo

* a

* RangeOld -

* - Index
,

* Constants
* P1 3.14159265358979
* OmegaEarth - Angular rotation of Earth (Rad/TU) 0.0588335906868878
* Undefined - Flag for an undefined element 999999.1

* Coupling
* HAG Magnitude of a vector
* RngAz Finds the range and Azimuth between points
*

* References

* BMW pg. 293-313

------------------------------
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SU13ROUTINE Trajec ( LLat,LLon,TLat,TLon,Rbo,Q,TypOPhiRange,
Phi,TOI,AZ,ICPhi,ICVbo,ICRbo,Vl

IMPLICIT NONE
REAL~*$ LL~t,LLon,TLat,TLof,Rbo,Q,Rafg,Phi,TO,A,ICPhi,I~b,

&ICRbo,,Vn(4)

* CHARACTER TypePhi Lcl

RKL* ,3cc,3,RangeOld,Vbo,VgarthOmoga3Rrth,SallPi,
QboMIn,Undefifled

INTEGER
* ---------------- Initialize value---------------- ----

Omegatarth= 0.058833590686887800
Small =O.OOOO0lDO
Pi =3.14159265358979D0
RangeOld =-1.00
Undefined =999999.100
I=I

* ----------- Iterate to find the flight time ---------

CALL RngAz( LLat,LLon,TLatTofl,0.0DO, Range,Az
A =RBo /(2.ODO -Q)
Qnoxin= ( 2.ODO*DSinCRange/2.ODO) )/(l.000+DSin(Range/2.0DO))
IF (Q.GZ.Qbo~in) THEN

DO WHILE ((DABS(RangeOld-Ralge).GT.Small).ald.( i.1t.20 )
*---------- Check for High or Low flight Path Angle-----------

IF (TypePhI.3Q.1H1) THEN
Phi= 0.500*( (Pi - DASIN(((2.ODOgQ)/Q)*

& DSin(Range/2.ODO)) )- Rang*/2.ODO)
ELSE
Phi= 0.5D0'( DASIN(((2.ODO-Q)/Q)*DSil(Raflge/2.ODO))

& - Range/2.00)
ENDIF

Ecc = DSQRT( l.ODO + Q*(Q-2.0D0)*DCos(Phi)*DCosCPhi)
3 DACosC (1cc-DCos(Range/2.ODO)) / (1.000-3cc*

& DCos(Range/2.00)))
TOP DSQRT(A**3)*2.ODO*( Pi - 9 + wcc*DSIN(Z)

* Write(*,*) i,Rang.*Rad,Phi*Rad,o"Rfld,SccTOF*1
3 .'4685

RangeOld =Range
CALL RngAz( LLat,LLon,TLat,TLon,TOF, Rango,Az
I= i+1

ENDDO
IF (i.GE.20 ) THEN

Write(*,*) ITRAJOC Not Converged In 20 Iteraions
KNIFl

------ evaluate Influence Coefficients for unit errors------------
VBo =DSQRT( Q/Rbo )
ICPhi= t ( 2.ODO'DSIn(Range + 2.000'Phi) )/
& DSin(2.ODO'Phi) ) -2.ODO
rCV~oz ( 8.ODO*DSin(Range/2.OD)DSil(Ralge/2.ODO) ) /

& ( Vbo**3*Rbo*DSin(2.ODO*Phi) )
ICRbo= ( 4.ODO*DSin(Rang,/2.ODO)'DSinCRangC/2.ODO) )/
& ( Vbo**2*RBo**2*DSin(2.ODO'Phi))

---------- Find velocity Needed, Relative Velocity --------------
Vgarth: OmegaEarth * DCou(LLat)

VN(l)= -VBo*DCOS( Phi )*DCOS(Av)
VN(2)z V~o*DCOS( Phi )*DSINCAZ) - VEarth
VN(3)= VO'DSIN( Phi)
CALL HAG( VN)

ELSE
Write(*,*) 'The ICBM does not have enough energy-
write(*,*) Q0 mi ,Qbol~in
Phi =Undefined
TOP Undefined
ICPhiz Undefined

*ICVbo= Undefined
ICRbo= Undefined
Vn(4)= Undefined

RETURN
END
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* SUBROUTINE HOHMANN*g
* This subroutine calculates the delta v's for a Hohmann transfer for either
* circle to circle, or ellipse to ellipse. The notation used is from the
* initial orbit (1) at point a, transfer is made to the transfer orbit (2),
* and to the final orbit (3) at point b.

* Algorithm Find initial values
* If the orbits are both cir or ellip, find the answer
*

* Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 19 Dec 1989
,

* Inputs
* Rl - Initial position magnitude DU
* R3 - Final position magnitude DU
* el - Eccentricity of first orbit

* o3 - Eccentricity of final orbit
* Nul - True Anomaly of first orbit 0 or Pi rad
* Nu3 - True Anomaly of final orbit 0 or Pi rad
,
* Outputs
* DelVa - Change in velocity at point a DU / TU
* DelVb - Change in velocity at point b DU / TU

* TOF - Time of Flight for the transfer TU

* Locals
* SME1 - Specfic Mechanical Energy of first orbit DU2 / TU
* S132 - Specfic Mechanical Energy of transfer orbit DU2 / TU
* SME3 - Specfic Mechanical Energy of final orbit DU2 / TU
* Vi - Velocity of 1st orbit at point a DU / TU
* V2a - Velocity of transfer orbit at point a DU / TU
* V2b - Velocity of transfer orbit at point b DU / TU
* V3 - Velocity of final orbit at point b DU / TU
* al - Semi Major Axis of first orbit DU
* a2 - Semi Major Axis of Transfer orbit DU
* a3 - Semi Major Axis of final orbit DU

* Constants
* Pi 3.14159265358979

Coupling 0
* None.

* References a
* BMW pg. 163-166

*e
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SUBhROUTINE Hohmann ( Rl,R3,el,*3,Nul.Nu3, DslVa,DelVb,TOF

IMPLICIT NONE

RgAL*8 Rl,R3,el,e3,Nui,Nu3,D~lVa,bolVb,TOF

-- - - - - - -- - - - - - -- Locals --- - - - - - - - - - - - - -

RBAL*8 83l3,8342,S343, Vl,V2a,V2b,V3, al,a2,a3, Pi

----------------- Initialis, values ------------

Pi 3.14159265358979D0
al (ri*(1.000+8l*DCou(Nul))) / (1.000 - .1*61
A2 ( Rl + R3 ) / 2.0
A3 (r3*Cl.0D0+s3*DCos(Vu3))) / (1.OD0 - *3*.3
8S431 =-1.00 / (2.ODO'al)
83432 =-1.00O / (2.0100*a2)
8S413 a -1.00 / (2.004~3)
0.iVaz 0.ODO
DuiVb= O.ODO
TOP= 0.ODO

* IF ( (el1t.l.0D0).or.C63.it.i.000) ) THEN

* ---------------- Find Delta V at point------------------------
VI= DSQRT( 2.ODO'( (1.000/Ri) +. 8331
V2a zDSQRT( 2.ODO*( (1.000/Ri) +. Bi-2
DslVax DABS( V2a - V1 )

* ------------ ind Delta vatpoint b -- - .---------

V3 zDSQRT( 2.ODO'( (i.ODO/R3) +9 8S413
V2b zDSQRT( 2.ODO*( (1.000/R3) +. S422
DoiVb= DABS( V3 - V2b )

*-------------- Find Transfer Time of Flight------------------
TOrc P1 * DSQRT( A2**3)

* IF (Show.eq.'Yl) THEN
* Write(*.*) a 2 ',&2
*Write(*,*) Wil l,v1, V2a a ,v2a
* Write(*,*) eV2b ',v2b,' V3 z',V3#' TOAL',(D*IV&+DolVb)

* ENOI

RETURN
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* SUBROUTINE ONNTANGINT*W
*This subroutine calculates the delta v's for a One Tangent transfer for either

* circle to circle, or ellipse to ellipse. The notation used is from the

* initial orbit (1) at point a, transfer is made to the transfer orbit (2),
* and to the final orbit (3) at point b.

* Algorithm : Find the parameters for the transfer orbit
* Based on the eccentricity, find the answer

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989

* Inputs
* Rl - Initial position magnitude DU
* R3 - Final position magnitude DU
* el - Eccentricity of first orbit
* e3 - Eccentricity of final orbit
* Nul - True Anomaly of first orbit rad

* Nu2 - True Anomaly of second orbit rad
* Nu3 - True Anomaly of final orbit rad

* Outputs
* DelVa - Change in velocity at point a DU / TU
* DelVb - Change in velocity at point b DU / TU
* TO? - Time of Flight for the transfer TU
,

* Locals I
* SME1 - SpecfIc Mechanical Energy of first orbit DU2 / TU
* SH22 - Specfic Mechanical Energy of transfer orbit DU2 / TU
* SME3 - Specfio Mechanical Energy of final orbit DU2 / TU

* Vl - Velocity of lot orbit at point a DU / TU

* V2a - Velocity of transfer orbit at point a DU / TU
* V2b - Velocity of transfer orbit at point b DU / TU
* V3 - Velocity of final orbit at point b DU / TU
* e2 - Eccentricity of second orbit
* al - Semi Major Axis of first orbit DU
* a2 - Semi Major Axis of Transfer orbit DU
* a3 - Semi Major Axis of final orbit DU
* E - Eccentric anomaly of transfer orbit at b rad
*

* Constants 0
* Noe.

* Coupling

* None.

* References I
* BMW pg. 163-166
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SUBROUTINE OneTangent ( Rl,R3,el,e3,Nul,3u2,Nu3, DolVa,
& DeIVb,TOP

INPLICIT NONE

RZAL*S Rl,R3,ol,e3,Nul,Nu2,14u3,DolVa,DOlVb,TOF

* --------------- Loc38 ---------------

RZAL*8 SMEl,314U2,81433, Vl,V2&,V2b,V3# *2,al,a2,a3, Ph12b,Phi3,
N. 3,inv,Couv

* ------------- Initialixe values --- --------------

al= (rl*(l.OD0sel*DCos(Nul))) / (l.ODO - e1~el)
92 x( r3-ri. ) / ( -r3*DCos(Nu2)+DCos(Nu1)*rl

* Cos(Nul) determines the sign
IF ( DABS( 92-l.000 ) .9t. 0.000100 ) THEN

a2 =(rl*(l.000+e2*!DCos(Mul))) / (l.ODO - e2'e2
81432 a -1.000 / (2.tODO*a2)

ELSE
&2 = 999999.9D0

*~ Undetir.&d for Parabolic orbit
81432 x 0.00

a3 (r3*(l.000+6J*DCox(Nu3))) / (1.000 - e3**3
SH31 -1.000 (2.000'al)
5143 -1.000 (2.000*a3)

* ------ ----- ----- Find Delta vat point a - --- -

VI OSQRT( LOW00( (1.0/Rit) + M8)43 )
IF ( ASS( 8)412 ) .gt. 0.OOO1DO ) T HZM

V2& v DSQRT( 2.O'( (1.ODO/Rl) + 3)42')
ILSI

V2a aDSQRT( 2.O*(l.000/Rl))

De1Vaz DABS( V2a - VI)

* -------------- rind Delta vat point b----------------

V3 OSORT( 2.OD0*( (1.000U/33) + 8J)433
IF CDADS( 61432 ) .gt. 0.00OOO1DO ) THRM

V2b =DSQRT( 2.000*( (!.000/33) + 3)42

V2b a SgQRT( 2.OD0'C1.000/R3) )

AMi~ m DATAN( ( e2*DSin(Nu2) ) /( 1.000 + e2*DCos(14u2))
Phi3 =DATAN( ( e3*DSia(Wu) ) /( l.ODO + e3*OCos(Nu3) ))
o.IVbn DWQAT( V2b'V2b + V3*V3 -

S 2.ODO'V2b*V3*DCos( Ph12b-PhO3

* ------------- Find Transfer Tim of Flight ---------

IF ( e2 Ilt. 0.999900 ) THM
Sinv a DSORT( 1.000-&2**2 )*0Sin(Nu2))/

& ( 1.000 + *2*DCos(Nu2))
Coor = ( *2+0Cos(Nu2) ) / ( 1.000 + *2*DCos(11u2)
a DATAN2( Sinv,Comv )
TO? x DSORT( A2**3 ) I - e2*DSln(x))

ELSE
IF ( DABS( o2-1.00 ) I1t. 0.000001D0 ) THXN

* Parabolic TOP
ELSE

* Hyperbolic TOP
END IF

k IF Show = Y' THEN
*BEGIN

* GoToXY( 5,23
* Wrlte( 'e2 ',*2tl0s6.' R a ',E*radtlOt6,1 a2 1,a2sM06)

4, *Gotoxy( 5,24)
WritoC 'VI ',vIl0s5,' V2a a ,v2as10:6)

* GotoxyC 5,25)
*Write( WV2b l,v2ba10:5,1 V3 = ,v3t10:6,1 TOTAL 'I

* (D.lVa+0olVb)tI0t6)
* Gotoxy( 5,26)
*Write( 'Phi2 ',Ph12b*RadslOs6j' Phi3 a ,Ph13*Radtl0s6

END
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*

* SUBROUTINE GI M ALCOPLANAR

This SUBROUTINS calculates the delta v's for a general coplanar transfer for
either circle to circle, or ellipse to ellipse. The notation used Is from
the initial orbit (1) at point a, transfer is made to the transfer orbit (2),

* and to the final orbit (3) at point b.

* Algorithm

* Author a Capt Dave Vallado USAFA/DFA8 719-472-4109 19 Dec 1989

• Inputs 9
* RI - Initial position magnitude DU
• R3 - Final position magnitude DU
* el - Eccentricity of first orbit

* .3 - Eccentriclty of final orbit
* Nul - True Anomaly of first orbit rad
* Nu3 - True Anomaly of final orbit rad

* Outputs t
• DelVa - Change in velocity at point a DU / TU
* DelVb - Change in velocity at point b DU / TU
* TOF - Time of Flight for the transfer TU

* Locals
* SI4l - Specfic Mechanical Energy of first orbit DU2 / TU
• SM2 - Specfic Mechanical Energy of transfer orbit DU2 / TU
S 5M3 - Specfic Mechanical Energy of final orbit DU2 / TU
• Vl - Velocity of lot orbit at point a DU / TU
• V2a - Velocity of transfer orbit at point a DU / TU
* V2b - Velocity of transfer orbit at point b DU / TU
* V3 - Velocity of final orbit at point b DU / TU
* al - Semi Major Axis of first orbit DU
• a2 - Semi Major Axis of Transfer orbit DU
* a3 - Semi Major Axis of final orbit DU

3 a - Eccentric anomaly of transfer orbit at b rad

* Constants I
N one.

* Coupling 6
N None.

* References a
* BMW pg.

* ------------------ ---------------------------------------------

*5
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SUBROUTfl43 GeneralCoplanar ( fl,R3,.l,e2,e3,Nul,Nu2a,Nu2b,Nu3I
& D~lVa,OelVb,T0F)

IMPLICIT NONE

RRAL*8 Rl,R3,el,B2,.3,NulNu2a,Nu2bNu3,DelVai
a DelVb,TOF

-------------------- Locals -------------------------
REAL*8 SNR1,S432,S13, Vl,V2a,V2b,V3, al,a2,a3,Phil,Pli2a,

& Ph12b,Phi3, X,.3o,Sinv,Coav

----------------- Initialixe value----------- - -----

al =(r1*(l.000+9l*DCos(Nul))) / (1.000 - .1*61
IF (DABS( .2-1.000 ) .gt. 0.00000100 THEN

a2 = (rl*Cl.ODO+@2*DCos(Nu2a))) /(1.000 - .2**2
SH432 =-1.000 / (2.ODO**2)

RLSE
a2 a 999999.9D0

SUndefined for Parabolic orbit
8132 =0.000

Sm4NDIP

a3 (r3h(l.000+a3*DCos(4u3))) / (1.000 - .3*03
81431 -1.000 (2.000*al)
8S433 -1.000 (2.000*)

--------------- Find Delta v at pointa-----------

VI DSQRF( 2.000'( (1.000/Ri) + 8X1 )
V2a z DSQ)RT( 2.ODO*( (1.000/al) + 51432))
Phi2a - DATAN( ( *2'DSin(Wu2a) ) .000 + *2*DCos(14u2a)
Phil r DATAN( ( el*08in(Vul) ) .000 + *l*DCos(Xu1)
0.lIVAC DSQRT( V2&*V2a + VlCYI
£ 2.000*V2a*Vl*DCos( Phi2a-Phil))

* -------------- rind Delta vat point b -----------

V3 x DSQRT( 2.ODO'( (1.000/R)) + W31)
V2b =DSQRT( 2.000CC (1.000/fl)) + 81422
Ph12b rDATAN( ( *2*DSin(Nu2b) )/(1.000 + *2*DCos(Nu2b)
Phi3 z OATM4( ( *3*Doin(Nu3) )/C1.000 + *3ftDros(Nu3)
DolVbz DSQRT( V2b*V2b + V3'V3-
& 2.OD0*V2b*V3*DCos( Phi2b-Phi3))

* ------------ Find Transfer Time of Flight ---------

Sinva ( DORT( 1.ODC-*2**2 )*DSin(Nu2b))/
£ ( 1.000 + *2*DCos(Nu2b))

Cosvm ( *2+DCos(Nu2b) )/(1.0 + *2*DCos(Nu2b))
3- DATAN2( Sinv,Cosv)
Sinvu ( DSQRT( 1.ODO-*2'.2 )*DSin(Nu2a) /
£ ( 1.000 + *2*DCos(Nu2a))

Coxv= ( s24DCos(Hu2m) ) / .000 + *2*DCox(Nu2a)
Eo DATAI42( Sinv,Coxv)
TO?= DSQRT( A2**3 )*( (z W 2D~in(c)) - (30 - *200Sin(Eo))

RETURN

0~
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* SUBROUTINE RENDEZVOUS

* This subroutine calculates parameters for a hohmann transfer rendezvous.

* Algorithm ; Calculate the answer

* Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 23 Sep 1988
.
* Inputs I
* Rosl - Radius of circular orbit interceptor DU
* Rcs2 - Radius of circular orbit target DU
* PhaseI - Initial phase angle rad
* NumRevs - Number of revs to wait

* Outputs
* PhaseF - Final Phase Angle rad
* WaitTime - Wait befor next intercept opportunity TU
*

* Locals
* TOFTrans - Time of flight of transfer orbit TU
* ATrans - Semi-major axis of transfer orbit DU
* VelTgt - Velocity of target rad / TU
* VelInt - Velocity of interceptor rad / TU
* LeadAng - Lead Angle rad

* Constants
* Pi 3.14159265358979

* Coupling
* None.

* References a
* BKi, pg.

----------------------------------------------------------------

SUBROUTINE Rendezvous ( Rcsl,Rcs2,Phasel,NuRevs,PhaseF,WaitTlme)
IMPLICIT NONE
REAL*8 Rcsl,Rcs2,PhaueI,Phase?,WaitTime
INTRGR NumRevs

* ------------------------- s----------------Loca----- -------
RZAL*8 TOFrrans,LeadAngaTrans,VolTgt,VelIntPi

* ---------------------- - Initialize values -----------------------

PI 3.14159265358979D0

ATrans (Rcsl + RCS2) / 2.00
TOFTrans= PI*DBQRT( ATrans**3 )
VelInt = 1.0D0 / ( DSORT(RcsI**3} )
VelTgt = 1.0D0 / (DSORT(Rc#2**3) )

LeadAng = VelTgt * TOFTRans
PhaseF = Pi - LeadAng
WaitTime= ( Phasel - Phase? + 2.0DO*Pi*NumPovs ) /

& ( VelInt - VelTgt )

* Write(*,*) A transfer : ,ATRans, ' DU I
* Write(*,*) TOF Transfer= 1,TOflitns,l TU I
* Write(*,*) I VelTgt =',VelTgt, I rad/TU'
* Write(*,*) ' Vellnt = I.VelInt, I rad/TU1
* Write(*,*) Lead Angle = 1,LeadAng*57.295779,' dog'
*

RETURN
END
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* • SUBROUTINE INTERPLANETARY0 This subroutine calculates the delta v's for an interplanetary mission. The
* transfer assumes circular orbits for each of the planets. Notice the
• units are all metric since this procedure is designed for ANY planet and
* sun syotem. This eliminates having knowledge of cannonical units for
* each planet in the calculations.

• Algorithm i Calculate the answer

* Author 2 Capt Dave Vallado USAFA/DFAS 719-472-4109 22 Mar 1989
.

• Inputs t
* RI - Radius of planet I from sun km
* R2 - Radius of planet 2 from sun km
* Rbo - Radius at burnout about planet 1 km
* Rimpact - Radius at Impact on planet 2 km
• Mul - Gravitational parameter of planet I km3/s2
• Hut - Gravitational parameter of planet Sun km3/s2
* Mu2 - Gravitational parameter of planet 2 km3/s2
,

• Outputs 9
* DeltVl - Hyperbolic Excess velocity at planet 1 SO1 km/s
• DeltV2 - Hyperbolic Excess velocity at planet 2 $01 km/s
• Vbo - Burnout velocity at planet 1 km/s
* Vretro - Retro velocity at surface of planet 2 km/s

• Locals
• SMI - Specfic Mechanical Energy of 1st orbit KN2/x
• SMEt - Spocfic Mechanical Energy of transfer orbit Km2/s
* SME2 - Specfic Mechanical Energy of 2nd orbit Km2/s
• Vcal - Velocity of lot orbit at delta v 1 point km/a
• Vcs2 - Velocity of 2nd orbit at delta v 2 point W/s
• Vtl - Velocity of Transfer orbit at delta v I point K/a
• Vt2 - Velocity of Transfer orbit at delta v 2 point Ko/e
• A - Semi Major Axis of Transfer orbit Km
.
• Constants :
* None.

Coupling
None.

• References I
• BMW pg.

I*

----------------------- - --------
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SUBROUTINE Interplanetary ( Rl,R2,Rbo,Rimpact,Mul,Mut,mu2,
& Deltvl,Deltv2,Vbo,Vretro )

IMPLICIT NONE
REAL*8 RI,R2,Rbo,Rimpact,Mul,Mut,Mu2,Deltvl,Deltv2,Vbo,

& Vretro
--------- Local-

REAL*8 SMEI,SM32,MNt, Vcsl, Vcs2, Vtl, Vt2, A

* --- Find a, SME, apogee and perigee velocities of transfer orbit

A= (RI+R2) / 2.ODO
SMEt= -Hut/ (2.ODO*A)
Vtl= DSQRT( 2.ODO( (Hut/Rl) + SMt ) )
Vt2= DSQRT( 2.ODO*( (Hut/R2) + SMNt ) )

* ------- Find circular velocities of launch and target planets -------
Vcsl= DSQRT( Hut/Rl )
Vcs2= DSQRT( Nut/R2 )

*-------- Find delta velocities for Hohmann transfer protlon---------
DeltVl= DABS( Vtl - Vcsl )
DeltV2= DABS( Vcs2 - Vt2 )

* - Find SHE and burnout/impact vel of launch/target planets -----
SNMi= Deltvl*DeltVl / 2.0DO
SMZ2= Deltv2*DeltV2 / 2.ODO
Vbo = DSQRT( 2.ODO*( (M)u/Rbo) + 5)31
Vretron DSQRT( 2.ODO*( (Nu2/Riupact) + 9)632

* TP= PI*DSQRT( a**3/1ut )
* Write(*,*) 'Transfer Period = ',TP/3.1536107,' yrs or ',

* & TP/86400.0,' days'
* Write(*.*) 'Vcs km/sl,vcsl,' ',vcs2
* Write(*,*) I Vt km/s'.vtl,' t,vt2
* Write(*,*) 'SMK km2/s2',SHZl,' ',SMNt,' ',S432

RETURN
ND
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* SUBROtJTINZ REENTRY0 * This SUBROUIf'NE calculate* various reentry parameters using the
* Allen G Xggars approximations.

*Algorithm sCalculate the answer

*Author & Capt Dave Vallado USAFA/DIAS 719-472-4109 19 Dec 1989

* InputsI
* Vre - Reentry Velocity A/$
* PhiRe - Reentry Flight Path Angle rad
* BC - Ballistic Coefficient kg/m2
* h - Altitude ka

*Output$s
* V - Velocity km/s
* Decl - Decleration gaI

* DaxDacl - Maximum Decleration g

*Locals
* gray - Temporary variable to hold Weight component
* Rho - Atmospheric density kg/m3

*ConstantsI
* ScaleHt - Scale height used to exponentially model atmosp 1.0/7.315

*Coupling t
H one.

*References

* None.

------------------------------------------------------ ---------------

SUBlROUTINE Reentry ( VR*,PhiRe.DC,H, V,DoclHaxDecl
IMPLICIT NONE

REAL*S 'The,PhiRs,BC,H, V,Decl,NnxDecl0 ------------------------------------ Locals ----------------------------
REAL*$ Scaleflt,grav,Rho

*-------------------------- - Implementation ------ - ---- ----------

ScaleI~te l.ODO/7.315D0

Rho a 1.225D0'EXP( -ScaloHt'h)
V aVre * ZXP( (1000.ODD'Rho)/

& (2.ODO*BC*ScalsHt*D~in(PhiRe)))
grava 9.8ODO*OSin(PhiR*)
DCla ((-0.5D0'Rho*V*V) / BC ) + gray
Declz Docl/9.80D0

MaxDeclz (-0. 500'ScaleHt*Vre'Vre'DSin(Phire))/
(9.8000'EMP(1.00O))

b4axDeclx MaxDecl/9.SODO

RETURN
END
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* SUBROUTINE HILLSR

* This SUBROUTINE calculates various position information for Hills equations.
* Notice the XYZ system used has Y Colinear with Target Position vector,
* Z normal to target orbit plane, and x in direction of velocity.

* Algorithm ; Find the answer

* Author t Capt Dave Vallado USAPA/DFAS 719-472-4109 19 DeC 1989

* Inputs
* R - Initial Position vector of INT DU
* V - Initial Velocity Vector of flaT DU ITU
* Alt - Altitude of ITGT satellite DU
* T - Desired Tim TU

* Outputs
* Rl - Final Position vector of IN? DU

i V- -Final Velocity Vector of IN? DU/ TU

* Locals

* Constants

* Coupling t
* None.

* References 3
* Kaplan pg 108 - 115

--------------------------------------------------- -

SUBROUTINE HillsR ( R,V,altrt, Rlovl
IMPLICIT NON

RZAL*8 R(4),V(4),alt't# Rl(4),Vl(4)

-------------------- Locals -----------------

RZAL*8 SinNt,CosNt,Omega~nt,Radius

-------------- Initialise the orbit eleant- -----------------
Radius= l.0D0 + Alt
Omega =DSQRT( l.ODO / Radius
nt = Omegat
COSHC= DCos( nt )
SinNt =DSin( nt )

-------------- Determine new positions ----------------------
Rl(l)= ( 2.OD0*V(2)/Omeg& ) * CoaNt +
& C( (4.0D0*V(l)/Omg&) + 6.ODO*R(2) )*SinNt +
& ( R(l) - (2.000*V(2)/Oaega) ) -

( 3.O00'V(l) + 6.0D)0*Omga*R(2) )*t
Rl(2)= ( V(2)/Omega ) * SinNt -
& ( (2.0D0'V(l)/Oaega) + 3.ODO*R(2) ) *CosNt +-
£ C C(2.0D0V(l)/Omga) + 4.000'R(2) )
Rl(3)= R(3)*CosNt + (V(3)/Oaiega)*SinNt

-------------- Determine new velocities ---------------------
VlC2)= 0.00
VI(l)= O.ODO
Vl(3)= 0.ODO

RETURN
END



* SUBROUTINE HILLSV
*

* This SUBROUTINE calculates initial velocity for Hills equations.
• Notice the XYZ system used has Colinesar with Target Position vector,
• Z normal to target orbit plane, and x in direction of velocity.
,
• Algorithm : Check for a divide by zero, then
• Find the answer
*

• Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989
,

• Inputs
R a - Initial Position vector of INT DU

• Alt - Altitude of TGT satellite DU
* T - Desired Time TU

* Outputs
• V - Initial Volocity Vector of INT DU / TU

* Locals

• Constants

• Coupling
• None.
*

• Reforences I
• Kaplan pg 108 - 115
*

------------------------------- --------------------

SUBROUTINE HillaV ( R,altt, V
IMPLICIT NONE

REAL*8 R(4),alt,t, V(4)

* --------------------------- Locals -------------------------
REAL*8 Numer,DenomSinNt,CosetOmega,nt,Radius

* ----------------- Initialize the orbit elemnts----------------
Radius= 1.0DO + Alt
Omega= DSORT( 1.DO / Radius
nt = Omega't
CoaNt a DCos( nt
SinNt x DSin( nt )

* ----------------- Determine initial Velocity --------

Numern ( (6.0DO*r(2)*(nt-BINnT)-r(l))*Omega*8innt-2.OD0*Omga*
£ r(2)*(4.OD0-3.0DO*Cosnt)*(l.0D0-COSnt) )

Denomc (4.ODO*Sinnt-3.ODO*nt)*Sinnt +
4.OD0*( l.ODO-Co@Mt ) * ( l.0DO-CoaNt

IF ( DABS( Denom ) .gt. 0.000001DO ) THEN
V(1)= Numer / Denom

ELSE
V(l)= O.ODO

IF ( DABS( Snt ) .gt. 0.000001DO ) THEN
V(2)x -( Osega*r(2)*(4.ODO-3.OD0*Cont)

2.0D0*(l.0D0-Cosnt)*v(l) / ( SinNt )
ELSE
V(2)= O.ODO

V(3)= O.ODO

RETURN
END
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* SROUTINE TARGET
*This subroutine accomplishes the targeting problem using PKEPLR and GAUSS.
* This routine uses J2 secular perturbations for moving the traget orbit.

*

* Algorithm : Propogate the target forward
* Find the intercept trajectory
* Calculate the change in velocity required
,

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 11 Sep 1990
,

* Inputs :
* RInt - Initial Position vector of Interceptor DU
* VInt - Initial Velocity vector of Interceptor DU/TU
* RTgt - Initial Position vector of Target DU
* VTgt - Initial Velocity vector of Target DU/TU
* dm - Direction of Motion for Gauss 'L','S'
* TOF - Time of flight to the intercept TU
,

* Outputs
* Vit - Initial Transfer Velocity vector DU/TU
* V2t - Final Transfer Velocity vector DU/TU
* DV1 - Initial Change Velocity vector DU/TU
* DV2 - Final Change Velocity vector DU/TU

* Local Variables i
* RlTgt - Position vector after TOF of Target DU
* VlTgt - Velocity vector after TOP of Target DU/TU

* Constants
* None

* Other Procedures i
* PKEPLER Find R and V at future time using J2 secular effects
* GAUSS Find velocity vectors at each end of transfer
* LNCOM2 Linear combination of two vectors and constants

* References
* None.

-----------------------------------------------------

SUBROUTINE TARGWZ( RInt,VInt,RTgt,VTgt,Dm,TOF, Vlt,V2t,DVl,DV2
IMPLICIT NONE
REAL*8 Rlnt(4),VInt(4),RTgt(4),VTgt(4),TOF,Vlt(4),V2t(4),

+ DVI(4),DV2(4)
CHARACTZR*l da

* ---------------------- Local Variables --------- ----
RZAL*8 RlTgt(4), VlTgt(4)

*-------------Propogate Target forward by TOr -------

CALL PKEPLER( RTgt,VTgt,TOF, RlTgt,VlTgt )

* ------------- Calculate transfer orbit between r's--------------
CALL GAUSS( RInt,RlTgt,dm,TOF, Vlt,V2t )

CALL LNCOM2( -l.ODO,1.ODO,VInt, Vlt, DVI
CALL LNCOH2( l.ODO,-l.ODO,VlTgt,V2t, DV2

RETURN
END
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* SUBROUTINE PX2PLER
*

• This subroutine propagates a satellite's position and velocity vector over
• a given time period accounting for perturbations caused by J2. The

* satellite's original position and velocity vectors are Inputed together
* with the time the elements are to be propagated for. The updated position

* and velocity vectors are then output.

• Algorithm % Find the value of the perturbations
* Determine the type of orbit

* Update the appropriate parameters

•t Find the new position and velocity vectors

• Author i Capt Dave Vallado USAFA/DFAS 719-472-4109 6 Jan 1990
,
• Inputs
• . - original position vector DU

V - original velocity vector DU/TU
• DeltaT - time for which orbital elements are to TU

• Outputs
• Rl - updated position vector DU
• V1 - updated velocity vector DU/TU

• Locals
• P - Semi-paramter DU
• A - semimajor axis DU
• E - eccentricity

• Inc - inclination red
• Argp - argument of periapsis rad
• ArgpDot - change in argument of perlapsis rad/TU
• Omega - longitude of the ascending node red
• OmegaDot - change in Omega red
• E0 - eccentric anomaly red

El - eccentric anomaly red
• M - mean anomaly rad/TU
• MDot - change in mean anomaly rad/TU
• Uo - argument of latitude red
* UDot - change in argument of latitude rad/TU
• Lo - true longitude of vehicle red

LDot - change in the true longitude rad/TU
• CapPio - longitude of periaposl red
• CapPioDot - longitude of periapois change rad/TU
• N - ean angular motion rad/TU

N NUo - true anomaly red
• J2oP2 - J2 over p sqyared
• Sinv,Coav - Sine and Cosine of Nu
• Small - Tolerance

• Constants
J 32 - J2 constant from the Barth's geopotential function

• TwoPi -
S P -

• Coupling
• SLORB - Orbit Elements frop position and Velocity vectors
• RANDV - Position and Velocity Vectors from orbit elements

• NowtonR - Newton Rhapson to find Nu and Eccentric anomaly

• References I
• Escobal pg 369. Dot terms
S BHW pg

------------------------------------------------------
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SUBROUTINE Plepler (R,V,DeltaT, Rl,Vl
IMPLICIT NONE
PAL*S R(4)* V(4), DeltaTr Rl(4), V1(4)

REAL 8 P,A,K,Inc,Omega~rgp,uo,X,Uo,Lo,CapPio,OmegaDot,1O,
&Argpoot ,NDot ,M~ot ,LDot ,CapPioot,N,J2oP2 ,TvoPi,
&Small,j2,N8&r#P1

Character*5 TypeOrbit
* ----------- --- Implementation -----------------------

TwoPi= 6.283l$530717959D0
Pi =3.14159265358979D0
J2 =O.0010S263D0
Small = O.0OOO0lDO

CALL ZLORSC R,VPA,3,Inc,OmegaArgp,Nuo,34,Uo,Lo,CapPio)
n =DSORT(l.ODO/A**3)

* --------- ind the value of J32 perturbations --------------
J2oP2 = (1.5D0*J2) / (p**2)
NBar= n*( l.ODO +- J2oP2*D W T(l.ODO-e**)*
£ (l.ODO - l.500*D~in(Inc)**2))

OmegaDot =-j2oP2 * DCos(inc) * X~ar
ArgpDot =j2oP2 * (2.ODO-2.5DO*DSin(inc)**2) *Nbar
NDot MN~ar

* ItDot =-(4.00O/3.00O) * (1.0DO-Z) * (NDot/blbar) Drag Terms

---------- Determine type of orbit for later use----------
TypeOrbitz 1111
IF ( R.LT.Suall ) THU

---------------- Circular Equatorial --------------

IF (( Inc.LT.3inal ).or.( DAXS(Xnc-Pi).LT.Small )) THEN
TYPeOrbit= IC21

ELSE
---------------- Circular Inclined --------------

TypeOrbitz 'CII
ENDIF

ELSE
------- Elliptical# Parabolic, Hyperbolic Equatorial--- ---

IF (( Inc.LT.&Il ).or.( ASS(inc-Pi).LT.Smll )) THEM
TypeOrbitz 1221

ENDIF

------ Update the orbital elements for each orbit type ------------
--------------- 2lliptical - Inclined ------------------------

IF ( TypOrbit.eq.121 ) THENI
Omega zOmega + OmegaDot * DeltaT
Omega xDMOD(Omega, TwoPI)
Argp =Argp +- Argpoot * DeltaT
Argp = DNW(Argp, Tv,Pi)
34 = M + MDOM, * DeltaT
H DMOD(N, TwoPi)
CALL NewtonR( em, eO,Nuo)

END IF
* --------- ------ Circular - Inclinwd --------------

IF ( I'ypeOrbt.eq.'CI' ) THEN
Omega - Omega + OmegaDot * DeLtaT
Omega aD14OD(Omgat TwoPi)
UDot = Argpoot + )Wot
Uo M Uo + UDot 'DeltaT
Uo s D14OD(Uo, TwoPi)

* ------------- Elliptical - Equatorial ---------------------
IF ( TypeOrbit.eq.1EI' ) THEN

CapPiDot =Omagaoot + ArgpDot

CapPio CapPio +- CapPiDot * DeltaT

CALL NewtonR( e,m, eO,Nuo
END!?

*---------- -Circular - Equatorial ------------------------
IF ( TypOrbit.eq.'Cgl ) THEN

M~ot =OmegaDot + Argp~ot + 34Dot
Lo = Lo +LMot * DeltaT
Lo =DMOD(Lo, TwoPi)

Mr~I

*------------ Use RAWDV to find now r and v vectors-------------
CALL RANDV( P,3,IncOMega,Argp,Nuo,Uo,Lo,CspPio, Rl,VI

RETURN
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* SUBROUTINE J2DRAGPERT

• This subroutine calculates the perturbations for the predict problem
• involving secular rates of change resulting from J2 and Drag only.

• Algorithm : Find the startup values
• Calculate the dot terms

• Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 28 Jan 1991
*

• Inputs
I Inc - Inclination rad

• e - Eccentricity
• N - Mean Motion rad/TU
• NDot - Mean Motion rate red / 2TU2
,

• Outputs
OmegaDot - Long of Axc Node rate rad / TU

• ArgpDot - Argument of perigee rate rad / TU
• EDot - Eccentricity rate / TU
,
* Locals I
* P - Semi-parameter DU
• A - Semi-major axis DU

• Constants
J .2 J2 zonal harmonic

*

• Coupling I
• None.

R References
• Escobal pg. 369
• O'Keefe et &l., Astronomical J, Vol 64 num 7, pg. 247 for 3dot
*

--------------- --------------------------------------

SUBROUTINE J2DragPert ( Inc,,,MDot, OmegaDOT,ArgpDOT,ZDOT )
IMPLICIT NONE
REAL'S Inc,W,N,NDot, OmegaDOT,ArgpDOT,EDOT

* --------------------------- Locals----------
REAL*S P,A,J2,XBar

* ---------------------- Implementation--------
J2 = 0.00108228D0

a a (1.00/n) ** (2.00/3.000)
p = A*(1.ODO - e"*2)
Near= n*( 1.ODO+1.5D0*J2*(DSQRT(1.ODO-e*e)/(p*p))*

( L.0D0-l.5D0*DSin(inc)**2 ))

* ---------------------- Find dot Terms----- --------------
OmegaDot = -1.500"( J2/(p*p) ) * DCos(inc) * WBlr
ArgpDot = 1.5D0*( J2/(p*p) ) * (2.0D0-2.5D0*D8In(inc)**2) *

& Nbar
KDot = -(4.00/3.0D0) * (1.0D0-B) * (NDot/Mbar)

RETURN
END

9
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SUBROUTINE PREDICT

This subroutine determines the azimuth and elevation for the viewing
of a staellite from a known ground site. Notice the Julian Date is left

* in it's usual DAYS forLAt since the dot terms are input as radians per
* day, thus no extra need for conversion. The Julian Date also facilitates
* finding the site position vector. Also observe RANDV is not used since
* this would merely accomplish extra calculations. The iteration is left
* out to allow the user to set up his own loop to look for sighting times.
,

* Algorithm
*

* Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
,
* Inputs
* JD - Julian Date of desired observation Days

* JDEpoch - Julian date of epoch for satellite Days
* No - Epoch Mean motion rad/day
* Ndot - Ipcoh Half Mean Motion Rate rad/2day2
* Eo - Epoch Eccentricity
* Edot - Epoch Eccentricity rate /day
* Inco - Epoch Inclination rad
' Omgao - Epoch Lon of Asc node rad
* OmegaDot - Epowh Lon of Asc Node rate red/day
* Argpo - Epoch Argument of perigee rad
* ArgpDot - Epoch Argument of perigee rate rad/day
* Ho - Epoch Mean Anomily rad
* Lat - Geodetic Latitude of site rad
* Lon - Longitude of site red
* Alt - Altitude of site DU
,

* Outputs
* Rho - Range from site to satellite DU
* Az - Azimuth rad
* El - Elevation rad
* Vis - Visibility Flag 'Radar Sun','Radar Nite','Eyo','Not Visible'

* Locals
* Variable o - denotes the epoch value, while no o Is current
* Dt - Change in time from Epoch to desired t days
* A - Semi major axis DU
* 30 - Eccentric Anomaly rad
* Nu - True Anomaly rad
* LST - Local Sidereal Time rad
* GST - Greenwich Sidereal Time rad
* Temp - Temporary Real value
* RtAsc - Suns Right ascension rad
* Decl - Suns Declination rad
* Theta - Angle between IJK Sun and Satellite vecrad
* Dist - Ppdculr distance of satellite from RSunDU
* Small - Tolerance of small values
* R - IJK Satellite vector DU

Ra - IJR Site Vector DU
* VS - Site Velocity vector DU/TU
* RhoVec - Site to satellite vector in SEZ DU
* TempVec - Temporary vector
* RHoV - Site to satellite vector In TJK DU
* RSun - Sun vector AU
* C - Temporary Vector

* Constants 9
Pi - 3.14159265358979* HalfPI - 1.57079632679490

* TwoPi - 6.28318530717959
* TUDay - Days in one TU 0.00933809102919444
* AUDU - DUs in I AU 23455.07

* Coupling
* SUN Position vector of Sun
* HAG Magnitude of a vector
* DOT Dot product of two vectors
* CROSS Cross Product of two vectors
* ROTI,ROT2,ROT3 Rotations about lot, 2nd and 3rd axis
' SITE Site Vector
* LSTime Local Sidereal Time
* NewtonR Iterate to find Eccentric Anomaly
* LNCOKU Linear combination of a scalar and vector
* References
* Escobal pg. 369 0
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SUBROUTINE Predict ( JD,JDlpoch,no,Ndot,Eo,Edot, inco,Omegao,
& OmogaDot,Argpo,ArgpDot,Mo,Lat,Lon,Alt,

Rho,Az,El,RtAsc,Docl,Vis)
IMPLICIT NONE'
RAL*S JD,Jogpoch,no,Ndct,Zo,IdottincoOmegao,RtAsc,Decl,

&OmagaDot,Argpo,ArgpDot,H4o,Lat,Lon,AltRho,AS,I
CHARACTER*ll Via
EXTERNAL Dot
----------------- L o c al----------- ----
REAL*8 Dt,a,ECJ,NU,LST,GST,Temp,Theta,Dist,AUDU,
&Small,Pi,HalfPIT1,oPi,TUDay,N,H,EOmegaArgp,
&R(4),Rtpqw(4),RS(4),VS(4)tRhloVec(4),TempVec(4),RhoVC4),
£ fSun(4),CC4),Dot

INTEGER I

------------------ Implementation -------------

Small =0.000001D0
Pi = 3.14159265358979D0
HalfPi =l.57079632679490D0
"'Wopi 6.28318530717959D)O
TUDay =0.0093380910291944400
AUDU =23455.07003D0

Rho =O0O00
------------- Update elements to now time ---------------------

Ot =3D - JDzpoch
a r so + ZDot*Dt
Omega= Omogao + OmegaDot*Dt
Argp aArgpo + Argpflot*Dt
34 a ) + No*Dt + NDot*Dt*Dt
34 a DA00( M,TwoPi )
N aNo + 2.ODO*NDot*Dt
N a N *TUDay

-------- Newton Rhapson to find True Anomaly ---------------
CALL NewtonR( e,N, 2O,Nu)

*--------------- Form POW position vector---------------------
a= ( l.ODO/(N*N) ) ** ( 1.ODO/3.ODO )

Rpqw(4)= ( a*(3.ODO-***) )/(1.0D0 + e*DCos( No
Rpqw(l)= Rpqw(4)*DCox( No
Rpqw(2)x Rpqw(4)*DSin( Nu
Rpqw(3)z 0.000

*------------------ Rotate to 131----------------------------
CALL RO'13( Rpqw , -Argp, , Tsec )o
CALL nlOTl( TempVec, -Inco # TempVec)
CALL ROT3( TempVec, -Omega, R

CALL LSTII4E( Lon,JD, Lst#Gst
CALL SIMI Lat,AlttLstf R~fS,)

----------------------Find IJK range vector from site to satellite-------------
DO iz1,3

flhoV(1) = R(i) - Raci)
ENDDO
CALL H4AG( RhoV
Rho= RhoV(4)

A------ Calculate Topocentric Rt ascension and declination---------
Temt~p DSORT( RhoV(1)**2 + RhoV(2)**2)
IF ( DAB3S( RhoV(2) ).LT.Small )THENI

IF ( Temp.LT.Small ) THIN
- RtAsc= 999999.100

ELSE
IF ( RhoV(1).GT.0.0DO THEN

RtAscz Pi
ELSE

RtAsc= 0.000
END IF

ENDIF
ELSE

RtAaC= DATAN2( RhoV(2)/Temp, RhoVCL)/Temp)
ENDIF

IF ( Temp.LT.Small ) THEN
Decl= HalfPi

ELSE
Dec13 DASIN( RhoV(3)/RhoV(4)

END IF
------------------ Rotate to SEE -------------

CALL R0T3( RhoV, LST , TempVec)
CALL ROT2( TempVec.HalfPi-Lat, RhoVec)
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* ---- Check visibility constraints -
* ---- Is it above the horizon -

IF ( RhoVec(3).GT.0.ODO) TI

* -------- Is the site in the light, or in the dark-------------
CALL SUN( JD,RSun,RtAsc,D*cl
CALL LnCONI( AUDU,RSun, RSun
IF ( DOT( RSunRS ).GT.S.ODO ) THEN

Vis = 'Radar Sun
ELSE

* ------ Is the satellite in the shadow or not
CALL CROSS( RSun, R, C )
Theta = '\in( C(4)/ (RSun(4)*R(4)) )
Dist = j *DCOS( Theta - HalfPi
IF ( Dist.GT.l.0D0 ) THEN

Vis = 'Eye
ELSE
Vis = 'Radar Nite'

ENDIF
ENDIF

ELSE
Vis = 'Not Visible'

END!?

*------------ Calculate the azimuth and elevation--------------
Tempz DSQRT( RhoVec(l)**2 + RhoVec(2)**2
IF ( DABS( RhoVec(2) ).LT.Small ) THEN

IF ( Tomp,LT.Small ) THEN
Azx 999999.1D0

ELSE
IF ( RhoVec(l).GT.O.ODG ) THEN

AzX P1
ELSE

z O.ODO
ENDIF

ENDI?
ELSE

Az x DATAN2( RhoVc(2)/Tsmp,-RhoVc(l)/Tmp
IF (Az.LT.0.ODO) THIN

Aza Twopi+Az
ENDIF

END!?

IF ( Tep.LT.Small ) THEN
El = HalfPl

ELSE
El = DASIN( RhoVsc(3)/Rho

ENDIF

-------- Calculate Geocentric Rt ascension and declination--------
* Temp= DSQRT( R(l)**2 + R(2)*62 )
* IF ( DABS( R(2) ).LT.Small ) THIN
* IF ( TeMp.LT.Small ) THEN

RtAsc= 999999.AD0
* ELSE
* IF ( R().GT.0.0D0 ) THIN
* RtAscx P1
* ELSE

* RtAscm O.ODO
* ENDIF
* ENDIF
* ELSE
* RtAsc z DATAN2( R(2)/Temp, R(l)/Tesp )
* ENDIF

* IF ( Temp.LT.Small ) THEN
Decl= HalfPi

* ELSE
* Declz DASIH( R(3)/R(4) )
* ENDIP

RETURN
END

C
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* SUBROUTINS DIERIV

*This subroutine calculates the derivative of the state vector for use with
* the Runge-Kutta algorithm. This models the two-body 3004.

*Algorithm : Find the answer

*Author s Capt Dave Vallado USAPA/DFA8 719-472-4109 6 Apr 1989

* Inputs
* Time - Time TU
* X - State Vector DU, DU/TU

*Outputs

M Iot -Derivative of State Vector DU/TU, DU/TU2

*Locals

* X4Cubed -Cube of X(4

*Constants

* None.

*Coupling I
N one.

*References I
' None.

--------------- -------------------------------- -----

SUBROUTINE Deriy ( TimO,X, XDot
IHPL!CIT 1NONE
REAL'S Ties, X(6)0 XDot(6)

* ----------------- Locals ------ ----- ---- --------

Real*S X4Cubed

* ----------------- Implementation --------------------
X4Cubodu ( DSQRT( X(l)**2 + X(2)**2 + X(3)**2 ))**3

*---------------- Velocity Terms-------
XDot(l)x XM4
XDot(2)= X(5)
XDot(3)u X(6)

* ------------ Accelerption Terms
XDot(4)n -X(l) /X4Cubod
XDot(5)z -X(2) /X4Cubed
XDot(6)= -X(3) M 4ued

RETURN
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* SUBROUTINI PRRTACEL
*i

* This subroutine calculates the actual value of the perturbing acceleration.
* Algorithm Setup temporary values

* Use a case statement to select which perturbations are added
* Note each perturbation adds on to the previous result

* Author : Capt Dave Vallado USAFA/DIAS 719-472-4109 20 Sep 1990
,

* Inputs
• R - Radius vector DU
* V - Velocity vector DU/TU
* Time - Initial time TU
• WhichOne - Which perturbation to calculate 1 2 3 4 5 ...
* BC - Ballistic Coefficient kg/m2
e

* Outputs
• APert - Perturbing acceleration DU/TU2

* Locals
* rs2 - Sun radius vector **2
* rs3 - Sun radius vector *'3
* rm2 - Noon radius vector **2
* rm3 - Noon radius vector **3
• r32 - "a" component of Radius vector **2
* r33 - *" component of Radius vector **3
• r34 - s' component of Radius vector **4
* r2 - Radius vector *•2

r3 - Radius vector **3
* r4 - Radius vector *•4
* r5 - Radius vector **5

r7 - Radius vector *07
* Beta

O Tamp - Temporary Real Value
rho - Atmospheric Density

• Va - Relative Velocity Vector DU / TU
* RSun - Radius Vector to Sun AU
* RMoon - Radius Vector to Noon DU
' RtAsc - Right Ascension dog
• Dcl - Declination dog

I - Index

' Constants
J 32 - 0.00108263
33 -0.00000254
J 34 - -0.00000161

' GNS - Sun Gravitational Parameter DU3/TU2 332952.9364
O G)M - Moon Gravitational Parameter DU3/TU2 0.01229997
O Omegatarth - Angular rotation of Barth (Rad/TU) 0.0588335906860878
• TUDay - Days in one TU 0.00933809102919444

* Coupling
• M C Manitude of a vector
• Sun Sun vector
* Moon Moon vector

' References I
* None.

----- -------------------------------------------------

d
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SUBROUTMN PertACCel ( R,V,Yime,Which~n*,DC, APert
!NPLICIT NOUN

RALO R(4),V(4),Time,APG~t(4)tSC
IWfXG33 WhichOns

------- -------- Locals - -----------
REAL*8 J2,J3,j4,gaa,gin,OSegaISrthRtAscDocli
&rs2,rm2,ru3,rm3,r32gr33,r34,r2,r3ur4,r5,r7,TUD~y,
6 eta,Tomp,rho,Vat4),RSu1C4),Roofl

4)
INTEGER I

Oaagagarth= 0,05883359068688786D0
'2UDAY = 0.0093300910291944tD0
CALL NAG( R
CALL HAIG( V

R2 =r(4)**2
R3 xR2*r(4)
R4 = 2*R2
R5 x 2*3
R7 a R5*R2
R32 =r(3)*r(3)
R33 aR32*rC3)
R34 a 32*332

---- ---- ---- ---- -- 32 Acceleration - - - - - - - - - - - -

IF ( WhichOns.. ) HEW
J32 x 0,00108263D0
Alart(l) ( (-l.5ft32*r(1)) /R5 ) * ( 1.0-(5.0*132) / R2 )
AP~rt(2) ( (-l.S*J2*r(2)) R 5 ) * ( 1.0-(5.0*132) / 32 )
APart(3)x (-1.5*j2*rC3)) R 5 ) *t C 3 .0-(5.O'132) / R2 )
CALL MAG( APert

------------------ 33 Acceleration -------------------

ifC WhichOne.Eq.2 ) THR
J3 a -0.0000025400
APert(l) ( (-2.5ftj3*r~l)) R 7 ) * ((3.0*r(3))-(7.O'333)

Al~ort(2) ( (-2.5*J3*r(2)) /R7 ) * ((3.0*r(3))-(7.0*R33)
£ /22)

IP (DABS( rC3) ).gt. 0.0000001) THNN
APart(3)u ( (.2.5*J3*r(3)) R 7 )*((6.O*r(3))-

& ((3.0*133) / R2) -((3.Oftr2) / r(3)))

APrt(3)z 0.000

CALL NAG( APert

----- -------------------- J4 Acceleration-- ----- -------
IF ( WhichOns.Kq.3 ) TM3~

J4 =-0.0000016100
APrt(l)= ( (-1.875*J4*r(1)) R 7 )'(1.0-((14.0332)/32)4

((21.0*R34) / R4 )
APart(2)= ( -1.875*J4r(2)) /R7 )ft(l.01C14.O'R32)/12)+

6 ((21.0*134) / R4 )
APert(3)= ( (-l.075*J4*r(3)) /R7 'C(5.0-C(70.0*R32)/

(3.0'R2))+C(21.0*134) R 4 )
CALL HAG( APert

ENDIP
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-------------- Sun Acceleration ---------

IF WhichOne..q.4 ) THU
GUS 3.329529364005
Tamp Tio**TlJDay
CALL SUN( Tamp, R~un,RtAxc#Docl

DO 1= 1,4
RSun(I)m R~un(i)*23455.07003D0

KNODO

RS2z RSun(4)**2
RS3= R$2*RSun(4)
APert(l)z (- W8/183)*

4 (r(1,1-3.0*RSun(l)*
8 ((r(l)*R~un~l)+r(2)*RSufl(2)+r(3)*Rufl(3)) / RS2))

APert(2)z (-GN/R$3) *
£ (r(2)-3.0*RSun(2)*
£ ((r(l)*Rgun(l)+r(2)*RSuf(2)+r(3)*RSun(3)) / R82))

APart(3)z (-GNS/R83) *
8 (r(3)-3.0*RSun(3)*
8 (Cr(l)*R~un(l)+r(2)*RSun(2)+r(3)*RSun(3)) / R82))

CALL MAG( APart
Mir

*------------------- ---- Noon Acceleratio----------------------------
IF (WhichOn*.Eg.5 ) TMI

0104 0.01229997D0
Tamp Tiwae'TUDay
CALL W)ON( Temp, RU4oon,RtAsc,DeCl
142= IU~oon(4)**2
RM3= RN2*Rgwon(4)
APert(I)a (- M /1)43)

£ (r~l)-3.0*Imoon(l)*
& ((r(l)*1U400n(l)+r~l)*RNoon(l)+r(3)*R~oofl(3))
£~ /3)2))

APort(2)= (-G1M /113)*
£ (r(2).-3.0*Rloon(2)*
& ((r(l)*Rgoon(l)+r(2)*R~oolC2)+r(3)*R40fl(3))
&~ /R)2))

APart(3)a (-Q04/RN3)
4 (r(3)-3.O*3U~oon(3)*
4 ((r(l)*Rti40n(l)+r(3)*R~oon(3)+r(3)R400fl3))

CALL HAG( APert

*----------------------- Drag Acceleration -------------------
IF ( WhichOno.Iq.6 ) 'AIM

Va(l)z V~l) + (Omaalrth'r(2))
Va(2)= V(2) - (Omagagarth'r(l))
Va(3)z V(3)
CALL HAG( Va

CALL ATHOS( R, Rho

Tamp= -1000.000 * VA(4) * 0.SDO*Itho* ( .000/BC
* 6378137.000

APert(l)m TempaVa~i)
AP~rt(2)x !eap*V&(2)
APart(3)= Temp*Va(3)
CALL HAG( APart

mmip

----------------------- - Solar Acceleration ------------
IF ( WhichOne.Sq.7 ) THIN

Temp = Time*ThDay
CALL MW( Tamp, RSunRtAsc,Decl
Beta =0.400
APart(4)= (4.74D-06*(1.0+Bota))/f(EC*9.807)
APrt(l)z (-APert(4)'it~un(l))/RSun(4)
APert(2)z (-APartC4)*R~unC2))/RSunC4)
APert(3)z (-APertC4)*R~un(3))/R~un(4)

ENDZF

RETURN
END



* ShUBROUTINE PDERIV

• This subroutine calculates the derivative state vector for the RK4
• subroutine. The DervTypo string is used to determine which perturbation
• equations are used.
,

• Algorithm s Assign values
• Check each value of Derivtype and if a perturbation is needed

*

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
,
• Inputs

• Time - Initial time TU
• X - Initial state vector DU , DU/TU
• DervType - String for including YN for Ports YNNYYYNNY
* BC - Ballistic Coefficient kg/m2

• Outputs
XDot - Derivative of X DU/TU , DU/TU2

,

• Locals
* RCubed - Radius vector cubed DU3
* Ro - Radius vector DU
* Vo - Velocity vector DU/TU
• APert - Perturbing acceleration DU/TU2
• TempPert - Temporary acceleration DU/TU2
S i - Index

*

* Constants
• None.

* Coupling I
• PertAccol Calculates the actual values of each perturbing acceleration
• AddVec Adds two vectors together

* Peferencos I

* None.

*----------------------------------------------------------------------------------------

0
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SUBROUTINE PDKRIV( Time,X,DerivType,BC, )Mot)
IMPLICIT NONX
F3EJL*8 X(6),XDot(6),TimeDC
CHARACTKR*10 DeriyType

------------------- - Localsu---- --------------------
REAL*8 RCubed,Ro(4),V0C4),APert(4),TfMPeott(4)
INTEGER i

-------------- Implementation - ----------

DO i= 1, 3
APert(i)= O.ODO
Ro(i) = X(i)
Vo~i) =X(1+3)

ENDDO
CALL HAG( Ro )
CALL MAG( Vo)
APert(4)= O.0D
RCubed = Ro(4)**3

------------------ Velocity Terms --------------

xDot(l)= X(4)
XDot(2)= X(5)
XDot(3)= X(6)

--------------- Acceleration Terms --------------

IF ( DerivTypG(ll).q.VY ) THIN
CALL PertAccel( Ro,Vo 1Tim,l,BC, APert

ENDIF
IF ( Deriv~ype(lt2).eq.TY' ) THEN

CALL PartAccelC RoVo,Time,2,DC, TempPert
CALL AddVec( TempPertpAPsrt,APert)

ENDIF
IF ( DerivType(lt3).eq.1Y ) THIN

CALL PertAccel( Ro,Vo#Tim,3,BC, TempPert
CALL AddVec( TeopPert,APertAPert)

END IF
IF ( DeriVTypG(lf4).*q.'Y' ) THEN

CALL PertAccol( Ro,Vo,Time.4,BC, TempPart
CALL AddVec( TompPert,APert,APort

ENDIF
IF ( DerivType(lt5).Sq.'Y' ) THRM

CALL PertAccel( Ro,Vo,Time,5,BC# TempPert
CALL AddVec( TompPert,APert,AP~rt

ENDIF
IF C DerivType(ls6).eq.TY ) THEN

CALL PertAcceiC Ro,V0,Time,6,DC, TemW ort
CALL AddVecC Temp~ert,APert,APert

ENDIF
IF ( DrlvTyp(lt7).eq.'Y' ) THIN

CALL PertAccel( Ro,VoTime,7*BC, TempPort
CALL AddVec( TempPrt,APrt,APart

ENDIF

XDot(4)= (-XCI) /RCubed) + APrt(l)
XDotC5): (-X(2) /RCtibed) + APert(2)
XDot(6)= (-X(3) /RCubed) + APert(3)

RETURN
END
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* SUBROUTINE RZ4

*This subroutine in a fourth order Runge-Kutta integrator for an
* N-dimenxional First order differential equation. The user must provide
* an external subroutine containing the system Equations of Notion. Notice
* time is included since some applications may need this. The LAST position
* In DenyvType is a flag for two-body motion. Two-Body motion is used if
* the 10th element is set to '2', otherwise the Yes and No values determine
* which perturbations to Use.

* Algorithm : Evaluate each term depending on the derivtype
* Find the final answer

* Author : Capt Dave Vallado USAFA/DAS 719-472-4109 20 Sep 1990

* Inputs
* ITime - Initial Time TU
* DT - Step size TV
* N - Dimension of the state
* DenyvType - String for Including TN for Ports YNNYYYNNY2

BC5 - Ballistic Coefficient kg/m2
* X - State vector at Initial time DU, flU/TV

* Outputs
* X -State vector at new time DV, flU/TV

* Locals
M Xot -Derivative of State Vector flU/TV, DU/TU2

* Time -Time TV
K Storage

* TEMP -Storage

* J Index
* TempTime -Temporary time storage Ti

* Constants
S None.

* Coupling
S Denyv Subroutine for Derivatives of R.0.N. for Two-Body problem
ft PDeriv Subroutine for Perturbed X.0.34.

' References
S James, et al., "Applied Numerical Methods' pg. 461-466, eqtn pg. 463.

BM53W pg. 414-415

-------------------------------------------------- --
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SUBROUTINE R14 ( ITime,DT,N,DerivType,BC, X
IMPLICIT NONE
INTEGER N
REAL*8 DT, ITime, X(N), BC

CHRER*10 DervU~ype

-- - - - - - -- - - - - - - - Locals - - - - - - - - - - - - - - -

REAL*8 XDot(6), K(6,3), T WP(6), Time, TeMpTime
fITDGER J

------------------ Imlementat ion --------------

TempTime = ITife
IF (DerivTyp(lsl).q.'2') THIN

CALL DURIV( ITimx,XDot
ELSE

CALL PDERIV( ITime,X,DerivTypeRCXDot
END!?

------------- Evaluate 1st Taylor Series Tarm------------------
DO J =l,N

1(3,1) =Dt * XDot(J)
TNMP(J) = X(J) + O.SDO*1(J,l)

ENDDO

Time = ITime + Dt/2.ODO

IF (DrivTyp(ll).*q.'2') THEN
CALL DERrV( Time,Temp,XDot

ELSE
CALL PDERIV( Tims,Temp,DerivTyp.,BC,XDot

END!?

------------- Evaluate 2nd Taylor Series Term ----------------
DO 3 z 1,N

K(J,2) =Dt * XDot(J)
TEHP(3) =X(J) + 0.5D0*K(3,2)

ENDDO

IF (DeriVTypecl:l).q.2) THEN
CALL DRRIV( Time,Temp,XDot

ELSE
CALL PDZRIV( Tis,Temp,DeriVType,BC,XDot

END!?

------------- Evaluate 3rd Taylor Series Term----------------
DO 3 = ,N

1(3,3) nOt * XDot(3)
TEMP(J) = X(J) +~ K(J,3)

ENDDO

TempTime =TempTime + Dt

IF (DerivTyp(llO).q.'2') THEN
CALL DERIV( TempTime,T~mp,XDot

ELSE
CALL PDERIV( TsmpTimQ,T8Mp,DerivTyp*,UC,XDot

ENDI?

--------------- Update the state tactor ----------
Do 3 = 1,N

X(3) =X(J) + ( (,1) + 2.ODO*(X(J,2) + K(3,3)) +
& Dt*xDot(3) )/6.ODO
ENDDO

RETURN
END
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*~suBAouTINU AT1408

* This subroutine finds the atmospheric density at an altitude above an
o blate ear~th given the position vector in the Geocentric Equatorial

* frame. The position vector is in DU'* and the density is In go/cm**3.

* Algorithm F ind initial values
* Loop to find the latitudes
* Calculate the density through a cascading IF statement

* Author :Capt Dave Vallado USAFA/DVAS 719-472-4109 20 Sep 1990

* Inputst
* R -GEC Position vector DU

*Outputs

* Rho -Density gm/cm**3

* Locals
* Rc -Range of site w.r.t. earth center DU
* Height - Height above earth W.r.t. site DU
* Alt - Altitude above earth w.r.t. site km
* OldDelta - Previous value of DeltaLat rad
* DeltaLat - Diff between Delta and Geocentric lat rad
* GeoDtLat - Geodetic Latitude -P1/2 to Pi/2 rad
* GeoCnLat - Geocentric Latitude -P1/2 to P1/2 rad
* TwoFl~inusP2 - 2*F - 7 squared
* OnelMinusF2 - ( 1 - F ) squared
* Delta - Declination angle of R in IJK system rad
* Temp - Dift between Geocentric/Geodetic lat rad
* RSqrd - Magnitude squared DU2
* SinTemp - Sine of Temp rad
* Rhot~om - Nominal density at particular alt gm/cm**3
* H - Scale Height km

-I Index

* Constants I
P* P 3.14159265358979

* Flat - F~latenning of the Earth 0.003352810664747352
* Riarthim - Radius of Earth in km 637S.137

* Coupling I
* HAG Magnitude of a vector

*References

* scobal pg. 398-399 ( Conversion to Lat and Height
B litzer pg. 63 (Atmospheric density)
WaHrts pg. 820 (Low altitude density

------------- - ---------- ----------------------------
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SUBROUT~INE ATHOS ( R, Rho)
IMPLICIT NONE
REALCS R(4), Rho

* -- - - - - - - - - - - - -- - Local$ - - --- - -- - - - - -

RZAL*8 Rc, Height, OldDelta, DeltaLat, G~ofltLato
& 'oFMinuxF2,One~inusP2, Delta, RSqrd, Temp, Pi, Flat,
&GeoCnLat,H, Rhonom, Alt, Raarthka, SinTemp

INTEGER I

* ------------- Initialize val ue------- ----
Pi 3.14159265358979D0
CALL HAG( R)
Flat =O.003352810664747352D0
Twor~inusV2 x2.ODO*llat - llat**2
OnetMinusV2 =( l.0CDo-rlat )**2
Rtarth~m =6370.137D0

*---------------------- Sot up initial latitude value-------------------
Delta =DATan( R(3) / DSQRT( R(1)*R(l) + R(2)*R(2)
IF ( DABS(Delta).GT.Pi ) THIN

Delta DNOD( Delta,P1
ENDIF

GoCnLat Delta
OldDelta 1.ODO
DeltaLat 10.00O
RSqrd =R(4)**2

*---------- Iterate to find Geocentric and Geodetic Latitude----------
= 1

DO W1HIL2 DABS(OldDelta-Dgltabat).GT.O.OOO0lDO).and.
&(I.LT.lO) )
OldDolta =DeltaLat
Rc =DSQRT( ( l.0DO-TwoF4inus72 /

& ( 1.ODO-TwolNinu@72*DCOS(GeoCnbat)**2)
GeoDtLat =DATan( DTAN(GeoCnLat) / One~inuuVF2
Temp aGeo~tLat-GeoCnLat
SinTemp xDSIN( Temp
Height =DSMR( RSqrd - (Rc**2)*BinTeV**2 -

& Rc*DCQS(Tesp)
DeltaLat =DABIM( Height*BinTomp / R(4))
GeoCnLat x Delta - DeltaLat
i= i+

It ( I.GE.lO )THIN
Write(*,*) 'ATH4OS latitude Iteration did HOT converge

ENDIF

C -82*



ALT =Height*R~arth~m

--------- Determine Density based on altitude --------------

JF(ALT.GIs.GGODG) THMMN
H =130.eDO
RHONON 4.262D-17
RHO =RHOk4OM*D W ((900.0D0-ALT)/H)

3LOSIL1(ALT.GZ.70000) THIN
H z 10S.3D0
RHOnom =l.216D-16
RHO = RHOWO*V*PE!"((70O.G0-ALT)/H)
aLsmir (ALT. Gt. 600DO) THUN

H = 91.ODO
RHJOHON = 3.81$D-11
RHO =RHOkO*DjUP((600.O0O-ALT)/H)

Eusu?(ALT.GE.500D0) THI
H =8S.A00
RHONON =1.316D-15
RHO =RHONON*DRXP((500.0D0-ALT)/H)

ILszir(ALT.GX.400D0) THIN
H = 73.200
RHONOM 5.192D-lS
RHO =RHONOM*DIX(C400.ODO.ALT)/H)
nL~hX(&LT.G3.300DO) THDM

H = 61.2D0
RHoNON 2.653D-14
RHO zRHONON*DM((300.OD0-ALT)/H)
ZLSEIF(ALT.GZ.25000) THEN

H 52.600
RI1ONON :7.316D-14
RHO =RHOaION'OXP((250.0D0-ALT)/H)

ELSSIF(ALT.G3.200D0) THIN
H a 40.800
RHommOa 2.706D-13
RHO a MOWSO*DXP(C200.ODO-ALT)/N)
BLacir(ALT.Ga. 15000) TUI

H a 24.1D>0
RHO14OW 2.1410-12
RHO a RHOON'ozXP((150.000-ALT)/H)
ZLSxjr{ALT.GN.l30D0) THIU

H a 16.1D0
RHONONa 8.484D-12
RHO a RWOMON 0I((l30.0fl0-ALT)/H)

H * 8.0600
RHONON 9.661D-11
RHO aRH0OW*DWX((110.0D0-ALT)/H)

RITURNI
END

*C-03



* SUBROUTINE CHEBY

* This subroutine calculates a CHEBYCHEV expansion for the atmosphere.
* Given an altitude above the Earth's surface, it will find the pressure snd
* density at that altitude uzing a Chebyshev polynomial. Calculations are
* accomplished in metric units, and the final answers are converted to
* English units, as described below.
* The model is only valid from 0 to 200 km (656,000 ft) altitude.

* Algorithm Convert the altitude to km
* Assign the pressure coeff based on altitude
* Calculate the pressure
* Assign the density coeff based on altitude
* Calculate the denisty
* Convert to ENGLISH units

Author : C2C Gandhi USAPA 719-t72-4109 28 Nov 1988

* Capt Dave Vallada USAFA/DFAS 719-472-4109 28 Aug 1990

* Inputs
* Alt - Altitude above earth's surface, ft
,

* Outputs

* PAlt - Pressure at altitude lbf/in**2
* RhoAlt - Density at altitude ibm/ft**3
,

* Locals

* Constants
* None.

* Coupling
* None.

* References I
* None.

SUBROUTINE CHEBY ( ILT, PALTAHOALT
IMPLICIT NONE
REAL*8 Alt,PAlt,RhoAlt

REAL*8 Z, Z1, Sum, P0 , X, Nu, Part, LnR, R, RhoO, C(15),A(15)
INTEGER k

* -------- Convert altitude to kilometers------------------

2 At * 0.0003048D0

* C-84 *



IF (Z.le.80.00) THEN
-- ------- Chebychev model for altitudes Of 80 km or le -----
------- Define initial and zero altitude pressure constant--

sum 0.ODO
SI 80.0000P0 101325.ODO

---------- Define the pressure ratio coefficients---------------

A(l) =-11.385925D0
A(2) =-5.6837011D0
A(3) = 0.05266647600
.%(4) =-0.077884294D0
&(5) = -0.1100408300
A(6) = 0.017572339D0
A(7) = 0.004954633700
A(B) = O.O0l7694805DO
A(9) =-0.001529800
A(10) =-0.0026635060
A(11) = 0.003568543300
A(12) =-0.0008225751700
A(13) =-0.001036368300
A(14) - 0.00057053477D0
A(15) =-0.0001902307800

ULSE
k ------ Chebychev model for altitudes of 80 to 200 1tM- ---

*------ Define initial and zero altitude pressure constants -------

Zl 200.000
P0 101325.00

*------------- Define the pressure ratio coefficients-----------
Adl) a-24.47506900
A(2) a -10.68586100
A(3) x 2.2622605D0
A(4) =0.63433398D0
A(S) v-0.2794895900
A(6) =-0.31548574D0
A(7) =0.090751361D0
A(B) =0.1853046700
A(9) =-0.09532584300
A(10) =-0.05021430900
A(11) =0.04510137800
A(12) = 0.00889, 747200
A(13) =-0.018935899D0
A(14) =0.003569062100
A(15) - -0.006398988000O

ZNDIF

* -------- Define X as a function of the altitude ratio ----------
X =2.000 * Z/51 - 1.0D0

-------------------------------- Define Nu as a function of X ------------------
Nu z LOW0*X

* ------- Define tho Chebyshav Polynomials as functions of Nu- -
C(2) =NU
C(3) =Nu*NU- 2.000
DO k= 4,15

CMk = Hu C(k-l) - C(k-2)
EMDO

----- Sum all parts of the Chabyshey expansion atmospheric model--
DO k= 2,15

PART =AMk * C(k)
SUM SUM + PART

ENDDO

-------------- Solve for the pressure at altitude ------------
NR =0.5D0 * (A(l) + 50))

R = EXP(LNR)
PALT =R * P0



IF (Z.le.80.ODO) THEN
* -------- Chebychev model for altitudes of 80 kcm or less --------
*--------- Define initial and zero altitude density constants--

SUM 0.000
Z1. = 80.000
RHOO0 = 1.2250D0

*------------ Define the density ratio coefficients ------------
A(l) =-l0.960632D0
A(2) = -5.571713200
A(3) =0.099116555D0
A(4) =0.061044847D0
A(S) =-0.14304157D0
A(6) =0.002949408800
A(7) =0.005878960400
A(8) = 0.002042132400
A(9) =0.007103320600
A(IO) =-0.0010314086D0
A(11) =0.003410073700
A(12) =0.004176432500
A(13) =-0.0039151559D0
A(14) =0.001122782800
A(15) =-0.001575105300

ELSE

* -------- Define Initial and zero altitude density constants--
SUN 0 .000
ZI = 200.000
RHOO =1.225000

' -------- Chabychev model for altitudes of 80 to 2,10 km----------
*------------ Define the density ratio coefficients ------------

A~l) -- 25.41522900
A(2) =-11.68438000
A(3) =1.872140600
A(4) =0.816608600D
A(5) =-0.093811118DO
A(6) =-0.30155735D0
A(7) =-0.077593291D0
A(8) =0.2164016800
A(9) =-0.034918422D0
A(l0) =-0.070126799D0
A(11) =0.036014616D0
A(12) =0.01495135100
A(13) = -0.021450263D0

A(14) =-0.001249799500

ENDIF

*---------- Define X as a function of the altitude ratio ----
X 2.000 * Z/Zl - 1.000

*----------------- Define Nu as a function of X --------------
Nu =2.000 * X

*--------Def ine the Chabyshev Polynomials as functions of Nu--
C(2) =H
C(3) zNu*Nu - 2.000
D0 k=4,15

C(k) = u * C(k-1) - C(k-2)

EUDDOI ----- Sum all parts of the Chebyshev expansion atmospheric model -
D0 k= 2,15

PART = A(k) * C(k)
SUN SUN + PART

ENDDO

* ------------- Solve for the density at altitude --------------
tA =0.500 * (A(l) + SUM)

R =DEXP(LNR)
RHOALT =R * RHOO

*--Convert pressure & density from metric units to Znglish units--
* ---- (N/(m*m) ==> Ibf/in**2 kg/m**3 ==> lbm/ft**3) ----------

PAlt =PAlt * 0.00014500
RhoAlt = RhoAlt * 0.06242950700

RETURN
END
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* ~module - MATH.POR*

* This file contains fundamental mathematical Subroutines and functions.

* ************* NOTICE OF GOVERNMENT ORIGIN ********

" This software has been developed by an employee of the Upited States
" Government at the United States Air Force Academy, and Is therefore
" a work of the United States, and Is NOT subject to copyright protection *

" under the provisions of 17 U.S.C. 105. ANY us* of this work, or
* inclusion in other works, must comply with the notice provisions of
* 17 U.S.C. 403.*

* Author ; Capt Dave Vailado, USAPA Dept of Astronautics

* Coml 719-472-4109, Autovon 259-4109 / 4110*

* Current : 30 Jan 91 Capt Dave Vallado VERSION 3.0

* Changes 1 25 Jan 91 Capt Dave Vallado
Upgrade to LAM Ver 3.0 / FORTRAN 90*

*20 Sep 90 Capt Dave Vallado VERSION 2.1
* MHisc fixe# to speed up

*20 Apr 90 Capt Dave Vallado VERSION 2.0

14 No 9*p Dv al

2 4 Aov 89 Capt Dave Vallado

* Version 1.2
a12 Feb 88 Capt Dave Vallado

a Standardized Format
a8 Sep 88 Capt Dave Vallado

a Added Determinant and others
a30 Aug 88 Capt Dave Vallado

* Version 1.0*

------------------------------------------------- a

----------------- Misc Functions--------------------------

a Function Cot (X~aI

* Function Cac (XVal

Function Sec ( XaI

* Function DACOSH ( Val

--------------------------- Vector Operations------------------------

a Function DOT (Vecl,Vec2

* Subroutine CROSS (Vacl.Vec2, outVec

* Subroutine RAG Vec

* Subroutine NORM (Vec, OutVec

a Subroutine ROTI( VecXVal, OutVec

* Subroutine ROT2 CVoc,XVaI, outVec

* Subroutine ROT3 (Vec,XVaI, OutVec

* Subroutine ALDDVEC (VeclVec2, OutVec

* Subroutine ADD3VEC (Vecl,Vec2,Vec3, OutVec

Suruie*CMIA'e'0tq

* Subroutine LNCOM2 A1,2,Vec2, OutVec

* Subroutine LHCOM3 (AI,A2,A3,Vecl,Vec2,Vec3, OutVec

* Subroutine ANGLE (Voci,Voc2, Theta



------------------ Analytic routines ------------

*Subroutine Quadratic ( a,bec Rlr,RlI,R2r,R2i

*Subroutine Cubic ( a,b,cjd Rlr,Rli,R2r,R2i.
* R3r,R3L

*Subroutine Quartic ( a,bicid,es Rlr,Rli,R2r,R2i,
* R3r,R3i,R4r,R4i )

----------------- Matrix Operations-------------

*Subroutine MatMult ( atl,Mat2,rl,cl,c2,Naxrl,Maxr2,M8xr3,
* Maxcl,Haxc2tHaxc3, Mat3 )

*Subroutine MatAdd ( atl,Mat2,rl,cl,Naxrl,Haxr2,Maxr
3 ,

*Maxcl,Maxc2,MAXC3, Mat3

*Subroutine MatTrans ( Mati.,rl,clMaxrl,HaCr2,Maxcl,Maxc
2 ,

* Mat2

*Subroutine LUDeComnp ( LU,Index, Order

*Subroutine LUBkSub (LU,Index,Order, B

*Subroutine MatInverse (Mat,Order,MaxRow, MatInv

*Subroutine PrintMat C atl,Row,Co1,MaxRow,MaxCol

*Function Determinant (Order, Mati

*CONSTANTS:

* Rad Radians per degree 57.29577951~308230



* FUNCTION COT

• This Function finds the Cotangent of an angle in tadians.

• Algorithm s Find the tangent of the angle
* Check to avoid a divide by zero

* Author a Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

• Inputs
• XVal - Angle to take Cotangent of rad
*

* OutPuts I
• Cot - Result

* Locals

• Tamp - Temporary Real variable
• Infinity - Large value to represent infinity

t*

* Coupling I
* None.

-----------------------------------------------------

REAL*8 FUNCTION Cot( XVal
IMPLICIT NONE
R-L*8 XVal

* --------------------------- Locals----------------------------
REAL*8 Temp,Infinity

* --------------------- Implementation---------------------------
Infinity = 999999.9D0
Temp = DTAN( XVal
IF ( DABS(Temp).LE.0.000001DO ) THIN

Cot = Infinity
ELSE
Cot = 1.0D0 / Temp

ENDIF

RETURN

END



* FUNCTION CSC*
* This Function finds the Cosecant of an angle in radians.

* Algorithm : Find the sine of the angle
* Check to avoid a divide by zero

* Author Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

* Inputs
* XVal - Angle to take Cosecant of rad

* OutPuts
* Csc - Result

* Locals
* Tamp - Temporary Real variable
* Infinity - Large value to represent Infinity
*

* Coupling
* None.
*

REAL*$ FUNCTION Cac( XVal
IMPLICIT MORE
REAL*8 XVal

*------------------------ Locals----------------------------
REAL*8 Temp, Infinity

*---------------------- Implementation--------------------------
Infinity = 999999.9D0
Temp = DSIN( XVal
IF ( DABS(Temp).LE.0.000001DO ) THEN

Csc Z Infinity
ELSE

Csc = 1.0D0 / Temp
ENDIF

RETURN

!EN



* FUNCTION SEC

* This Function finds the secant of an angle in radians.

* Algorithm :Find the cosine of the angle
*Check to avoid a divide by zero

* Author sCapt Dave Vallado USAIA/DFAS 719-472-4109 20 Sep 1990

* Inputs
* Val -Angle to take secant of rad

* outputs
* Sec -Result

* LocalsI
* Temp - Temporary Real variable
* Infinity - Large value to represent Infinity

* Coupling
* None.

---------------------------------------------------- -

REAL*8 FUNCTION Sec( XVal
IMPLICIT N4ONE
RZAL*8 XWa

-------------------- Locals ----------------------------
REAL*8 Temp,Infinity

*---------------- implementation----------------------------
Infinity =999999.9D0
Temp =DCOS( XVal
IF ( DABS(Temp).LE.0.COOO0lDO )THEN

Sec =Infinity
ELSE

Sec =1.0DO Temp
END IF

RETURN
END



- --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

* FrUNCTION DACOSH* A

* This function evaluates the inverse hyperbolic cosine function.

* Algorithm : Check for an undefined value
* Calculate the answer using LOG base 10

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 28 Mar 1990
,

* Inputs
* XVal - Value 1.0 to Infinity
,

* OutPuts
* DACosh - Result any real
*

* Locals I
* Tomp - Temporary Real Value
* Undefined - Flag value for an undefined quantity
*

* Coupling I
* None.

-----------------------------------------------------

REAL*8 FUNCTION DACOSH( XVal
IMPLICIT NONE
REAL*8 XVal

*------------------------- Locals-------------------------------
REAL8 Temp,UnDefned

------------ Implementation

Undefined= 999999.1DO

IF (XVal**2-l.0D0.LT.0.0D0) THEN
Tamp= Undefined
Write(*,*) 'Error in ArcCosh Function

ELSE
Tamp= DLOG( XVal + DSORT( XVaI*XVal - 1.00

ENDIF

DACOSH = Tamp

RETURN
END

*@



* FUNCTION DOT

* This Function finds the dot product of two vectors.

* Algorithms Calculate the answer directly

* Author iCapt Dave Vallado USAIA/DFAS 719-472-4109 12 Aug 1988

* Inputs
* Vecl - Vector number 1
* Vec2 - Vector number 2

* outputs
* Dot -Result

* Locals
* None.

*Coupling

* None.

*---------------------------------------------------- -

REAL*8 FUNCTION DOT( Vecl,Vec2
IMPLICIT NONE
REAL*S Vocl(4),Vec2(4)

*---------------- Implementation---------------- -----
DOT= Vecl(l)*Vsc2(l) + Veol(2)*Voc2(2) + VoclC3)*Voc2(3)

RETURN
END

---------------------------------------------------- -

* SUBROUTINE CROSS

* This Subroutine crosses two vectors.

* Algorithm i Calculate each vector component
* Find the magnitude of the answer

I Author t Capt Dave Vallado USAJA/DYAS 719-472-4109 12 Aug 1988

Vacl -Vector number 1
Vec2 -Vector number 2

* outputs
' Out Vec -Vector result of A x B

* Locals
* None.

* Coupling
H AG -magnitude of a vector

---------------------------------------------------- -

SUBROUTINE CROSS( Vocl,Vec2, OutVec)
IMPLICIT NONE
REAL*8 Vecl(4), Vec2(4), OutVec(4)

*---------------- Implementation --------------

OutVec(i)z Vecl(2)'Vac2(3) - Vocl(3)'Vec2(2)
OutVec(2)= Vocl(3)'Vec2(l) - Vecl(l)*V~c2(3)

* OutVec(3): Vecl(l)*Voc2(2) - Vecl(2)*Vec2(l)
CALL MAG( OutVec

RETURN
END



* SUBROUTINE HAG

*This Subroutine finds the magnitude of a vector. The tolerance in $at
* for 0.000001, thus the 1.OD-12 for a squared teot of underflow.

*Algorithm sFind the squared sum of the terms
* Check to be sure there Is no SQRT of 0.0

* Author : Capt Dave Vallado USAPA/DIAS 719-472-4109 20 Sep 1990

* Inputs
* Vec -Vector

* outputs
* Vac(4) -Answer stored in fourth component

* Locals
* Temp -Temporary Real variable

* Couipltng

---------------------------------------------------- -

SUBROUTINE KAG( Vec)
IMPLICIT NONE
REAL*8 Vec(4)

-------------------- Locals--------------------------------
REAL*8 Temp

*---------------- Implementation --------------

Tamp= Vec(l)**2 + Vec(2)**2 + Voc(3)**2
IF (DA]3(Tomp).gt.l.OD-12) THIN

Vec(4)z DSRT( Temp
ELSE

VeC(4)= 0.ODO
ENDIF

RETURN

END



* SUBROUT INE NORM

ThsSbotn acltsaui eco ie h rgnlvco.I

S zero vector is input, the output is met to zero.

Algorthm :Find the magnitude of the Input vector If not done
Check If the magnitude Is greater than zero

* Author ;Capt Dave Vallado USAPA/OPAS 719-472-4109 10 Feb 1989

* Inputs
* Vec -Vector

* * outputs
* OutVec -Unit Vector

* Locals
* Small -Tolerance factor

* j -index

* Constants a
* None.

* Coupling
H AG -magnitude of a vector

---------------------------------------------------- -

SUBROUTINEK NORM( Vec, OutVec)
IMPLICIT NONE
RZAL*8 VecC4hOutVeC(4)

-------------------- Locals--------------------------------
REAL'8 Small
INTEGER I

----------------- Impleaentation -------------------------
Small =0.000001D0

CALL MAG( Vec)
IF ( Vec(4).GT.Small ) THEN

OutVec(i)= Vec(i) /Vec(4)

ELSE
DO I= 1,4

OutVec(i)= 0.000

ENDIP
RETURN
END



* SUBROUTINS ROT].

This Subroutine performs a rotation about the let axis.

*Algorithm :Store 3rd component for later use
* Calculate Sing and Cosine values to make more efficient
* Find the nov vector

*Author Capt Dave Vallado USAIA/DFAS 719-472-4109 12 hug 1988

* Inputs I
* Vec - Input vector
* Xal - Angle of rotation rad

*outputs t
* outVec - Vector result

* LocalsI
* - Cosine of angle XWal
* - Sine of angle XVal
* Temp - Temporary REAL value

*Coupling

* None.

-----------------------------------------------------

SUBROUTINE ROTl( Vec, XWal, OutVec
IMPLICIT NONE
REAL*8 Vec(4), X'Jal , OutVec(4)

-------------------- Locals ----------------------------
REAL*8 C,S,Temp

----------------- Implementation -------------------------
Tomp: Vec(3)
cc DCoa( XV41I
s= OSin( XVaI )

OutVec(3)= c*Vec(3) - s*Vec(2)
OutVec(2)= c*Voc(2) + s*Tsmp0
OutVsc(l)= Vec(l)
OutVec(4)= Vec(4)

RETURN
END



SUBR~OUTINE R0T2

*This Subroutine performs a rotation about the 2nd axis.

*Algorithm i Store 3rd component for later use
* Calculate Sine and Cosine values to make more efficient
* Find the new vector

*Author tCapt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988

* Inputs
* Vec - Input vector
* Xval - Angle of rotation rad

Soutputs
* OutVac -Vector result

*Locals

* c -Cosine of angle IWal
* 3 Sine of angle XVaI
* Temp -Temporary REAL value

*Coupling

* None.

-----------------------------------------------

SUBROUJTINE ROT2( Vac, W~all OutVeo
IMPLICIT NONE
RZAL*6 Veo(4), XVal ,OutVec(4)

-------------------- Locals ----------------------------
RE.AL*8 C,S,Temp

----------------- Implementation-------------------------
Tempm Vec(3)
cz DCos( XWaI
s: DSin( XVaI1

OutVec(3)= c*Vec(3) +. e*tJc(l)
OutVec(l)= c*Vec(l) - s*Tesp
OutVec(2)z 'Iac(2)
OutVec(4)n Vec(4)

RETURN
FIND



* SIUOUTIHE ROT3

*This Subroutine performs a rotation about the 3rd axis.

Algorithm Store 2nd component for later use6

* Calculate Sine and Cosine values to make more efficient
* Find the new vector

*Author s Capt Dave Va~lado USAPA/DFPAB 719-472-4109 12 Aug 1988

*Inputs

* Vec - input vector
* XVal - Angle of rotation rad

*3utPuts

* OutVec -Vector result

*Locals

* c -Cosine of the angle XVal

* S Sine of the angle XVal
* Temp -Temporary DIAL value

*Coupling

* None.

-----------------------------------------------------------------------------------------

SURROUTINI ROT3( Vec, XWal, OutVec)
IMPLICIT NON1
REAL*8 Vec(4), XWal ,OutVec(4)

-------------------- Locals----------------
RZAL*8 C,S,Temp

----------------- Implementation --------------
Temp= Vec(2)
c= DCos( XVal
s: DSin( XWa

OutVec(2)z c*Vec(2) - s*Voc(l)

OutVac(l)z c*Vec(l) + **Temp

OutVec(4)z 'Jec(4)

RM1URN

*D-10



* SUUOIJY INK ADDVC0*This Subroutine adds two vectors.

*Algorithm :Loop to find each component
* Find the magnitude of the vector

*Author :Cant Dave Vallado USAFA/OFAS 719-472-4109 12 Aug 1988

SInputs
* Veci Vector number 1
* Vec2 -Vector number 2

*outputs I
* OutVec -Vector result of Vecl x Vec2

*Locals

* j index

*Coupling

* HAG -Magnitude of avector

------------------------------ ------------------------

SUBROUTINE ADDVEC( VeclVec2t OutVac)
IMPLICIT NONE
RZAL*8 Vacl(4)rVec2(4),OutVec(4)

-------------------- Locals----------------------
INTEGER I

----------------- Impleimentation ------------ ---------
DO 1= 1,3

OutVec(i)= Vecl(i) + Vec2(i)
ENDDO,
CALL )4AG( OutVec

RETURN
END

* SUBROUTINE ADD3VIC

* This Subroutine adds three vectors.

* Algorithm zLoop to find each component
* Find the magnitude of the vector

* Author a Capt Dave Vallado USAFA/DIAB 719-472-4109 12 Aug 1988

* Inputs 2
* VecI - Vector number 1
* Vec2 - vector number 2
' Vec3 - Vector number 3

* outputs
* OutVeC - Vector result of Vol + Vec2 + Vec3

* Locals
i -index

*Coupling

* HAG -magnitude of a vector

---------------------------------------------------- -

SUBROUTINE ADD3VZC( Vecl,Vec2,Vec3, OutVec)
IMPLICIT NONE
REAL*8 Vecl(4),Vec2(4)#Vec3C4), OutVec(4)

-------------------- Locals--------------------- ---
INTEGER I

----------------- Implementation--------------- -----
DO i= 1,3

OutVec(i)= Vecl(i) + Vec2(i) + Vec3(i)
EflODO,
CALL HAG( OutVec

RETURN
END

*D 11



* SUBROUTIZ LHCOH1

*This Subroutine calculates the linear combination of a vector
multiplied by a constant.

* lgorithm : Loop to find each combination
* Find the magnitude of the vector

*Author : Capt Dave Vallado U8AYA/DIAS 719-472-4109 21 Aug 1988

*Inputs

* A - constant
* Vec - Vector

*Outputs

* OutVoc -Vector result of A *Vec

*Locals

* ~ -index

*Coupling

H AGI Magnitude of a vector

------------------------------------------------------------------------------------

SUBROUTINE LNCOMl( AVec, OutVec
IMPLICIT NONE
RZAL*8 A,Voc(4),OutVec(4)

--------------------------- ---- Locals.----------------------------

IN~TEGER I

----------------------------- Implementation -------------------------
DO 1= 1,3

OUtVec(i)= A*VeCl)
ENDDO
CALL NAG( OutVec

RETURN
* END

*D-12



* SUBUOUTINX LNCOH2

T!-., Subroutine calculates the linear combination of two vectors
* multiplied by two constants.

*Algorithm Loop to find each combination
* Find the magnitude of the vector

* Author i Capt Dave Vallado USAA/DPAS 719-472-4109 12 Aug 1988

Inputs2
* Al - constant number 1
* A2 - constant number 2

** Vecl - Vector number 1
* Vec2 - Vector number 2

*outputs

* OutVec -Vector result of Al*Vecl + A2*Vec2

* Locals2
* i -Index

* Coupling
* AG -Magnitude of a vector

-------------------------------- ---------------------

SUBROUTINZ LNCON2( AlA2,Vocl,Vec2, OutVec
IMPLICIT 1NONE
REAL*8 Al,A2,Vecl(4),Vec2(4)#OutVec(4)

-------------------- Locals ----------------------------
INTEGER I

----------------- Implementat ion----------------------------
DO I= 1,3

OUtVeC(i)= Al*Vecl(i) + A2*Veo2Ci)
ENDDO
CALL HAG( OutVec

RETURN

*D-13



* SUBROUT INE LNCON3

This Subroutine calculates the linear combination of three vectors

* multiplied by three different constants.

* Algorithm z Loop to find each combination
* Find the magnitude of the vector

* Author :Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988

* Inputst
* Al - constant number 1
* A2 - constant number 2
* A3 - constant number 3
* VecI - Vector number 1
* VOc2 - Vector number 2
* Vec3 - Vector number 3

*outputs 2

* Out Vec -Vector result of Al*Vscl + A2'Vec2 + A3*Vec3

* Locals
* I -Index

*Coupling 9
* HAG - magnitude of a vector

SUBROUTINE LNCUN3( Al,A2,A3,Vecl,Voc2*Voc3#OutVec)
IMPLICIT NONE
REAL*8 Al,A2,A3,Vocl(4),Vec2(4),Vec3C4),OutVecC4)

-------------------- Locals ----------------------------
INTEGER i

----------------- Implementation -------------------------
DO i= 1,3

OutVec(i)= Al*Vacl(i) + A2*Voc2(i) + A3*Veo3(i)

CALL RAG( OutVec)

RETURN
END
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* SUBROUT INE ANGLE

ThsSbotn acltsteagebtentovcos h uptI

* set to 99991to indicate an undefined value. Be BURR to chock for

thi at the output phase. The tolerance is set for 0.000001, thus the
1.OD-12 fo qae etofdideb zro

Algorithm : Chock the denominator for a divide by zero
* Check for exactly 1.0 or -1.0 to avoid ArcCosine problems

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1.990

* Inputs
* Veci Vector number 1
* Vec2 rVector number 2

* outputs
* Theta -Angle between the two vectors rad

* Locals
* Tamp -Temporary RXAL variable

* * Constants
* Undefined -Undefined flag for a variable

* Coupling
* DOT -Dot Product of two vectors

---------------------------------------------------- -

SUBROUTINE ANGLE ( Vecl,Vec2, Theta
IMPLICIT NONE
RZAL*8 Vecl(4),Vec2(4),Theta,Temp

-------------------- Locals--------------------------------
EXTERNAL DOT
RZAL*8 Undefined,Dot

----------------- Implementation----------------------------
undefined =999999.1DO

IP ( Vocl(4)*Vec2(4).GT.l.OD-I2 ) TEEN
Temp = DOT(Vecl#Vec2) / (Vocl(4)*Vec2(4))
IF ( DABS(Temp).gt.1.000 ) THIN

Tamp =DSIGN( l.ODOTemp
CNDIF

Theta = DACOSC Temp
ELSE

Theta =Undefined
ENDIF

RETURN
END



* SUBROUTINS QUAMRTIC

This rsbroutinos r the eoficoets anf a quadratic equation. There are
no rstrctins n te coffiiens, nd magiaryresltsartpassed

* out as separate values. The general form is y =ax2 + bx + c.

*Algorithm : Initialize all values
* Find discriminate
* Use discriminate value to separate the root calculations

*Author :Capt Dave Vallado UBAFA/OFAS 719-472-4109 10 Jan 1991

* Inputs
* a -Coefficient of x squared term
* b -Coefficient of x term
* c -Constant

*output$

* Rlr -Real portion of Root 1
* Rh - Imaginary portion of Root I
* R~r -Real portion of Root 2
* R21 Imaginary portion of Root 2

*Locals

* Discrim - Discriminate b2 - 4ac

* Constants
* None.

*Coupling

* None.

*References I
* Escobal pg. 433-434

---------------------------------------------------- -

SUBROUTIN4E Quadratic( a,b,c, Rlr,RliR2r#R2i
IMPLICIT NONI
RKAL*B a,b,c, Rlr,Rli,R2r,R2i

---------------- --- Locals -------------- 0-----
REAL*8 Discrim

-------------------- Initialize--------------------------
Rlr= 0.ODO
R11= 0.ODO
R2r= 0.ODO
R21= 0.ODO

Discrim= b*b - 4.ODO*a*c

------------------ Real roots --------------------------
IF (Discrim.gt.0.000) THUN

Rlr= -b + DSQRT(Diucrim) )/(2.0DO~a
R2r= -b - DSQRT(Discrim) )/(2.ODO'a

ELSE
--------------- -- Complex roots -------------------------

Rlr: -b L 2ODW*&
R2r= Rlr
Rli= DSQRT(-Discrim) I(2.0OD)0a)
R21= -DSORT(-Disorim) /(2.0D0~a)

END IF

RETURN
END



* SUBROUJTINE CUBIC

* This subroutine solves for the three roots of a cubic equation. There are
* no restrictions on the coefficients, and imaginary results are passed
* out as separate values. The general form is y xax3 + bx2 +- cx +- d. Note
* that R11 will ALWAYS be ZERO since there Is ALWAYS at leasnt one REAL root.

Algorithm t Initialize variables
* Find correct coeffcients for the form of solution
* IF Delta is positive

* IF Delta is zero
*18

* find answers where Delta Is negative

*Author :Capt Dave Vallado USAPA/DFAS 719-472-4109 10 Jan 1991

* Inputs
* a -Coefficient of x cubed term
* b -Coefficient of x squared term
* c -Coefficient of x term
* d -Constant

* outputs
* Rlr -Real portion of Root 1
* li -imaginary portion of Root 1
* R2r -Real portion of Root 2
* R2i Imaginary portion of Root 2
* R3r -Real portion of Root 3
* R31 -imaginary portion of Root 3

*Locals

* Tempi - Temporary value
* Temp2 - Temporary value
* Rooth - Temporary value of the root
* Root2 - Temporary value of the root
* Root3 - Temporary value of the root
* P - Coefficient of x squared term where x cubed term is 1.0
* Q - coefficient of x term where x cubed term is 1.0
* R - Coefficient of constant term where x cubed term is 1.0
* Delta - Discriminator for use with Cordons formula
* ED - Angle holder for trigonometric solution
* Phi - Angle used In trigonometric solution
* CosPhi - cosine of Phi
* SinPhi - Sine of Phi
* Small - Tolerance factor

OneThird - 1.0/3.0

*Constants I
* Rad - Radians per degree

*Coupling I
* ATA1N2 - Arctangsnt Including check for 180-360 deg
* POWER - Raise a number to a power

*References

* Escobal pg. 430-433

---------------- -------------------------------------
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SUBROUTIlNE Cubic ( a,b,c,d, Rlr,RliR2r,R2i,R3r,R31
IMPLICIT NONE
RZAL*6 a,b ,c,d, Rlr,Rli,R2r,R2i,R3r,R3i

---------------- Loa$ -------------

REAL*8 tempi, t~mp2, Rootl, Root2, Root3, P, Q) R, Delta,
& EO, CosPhi, SinPhi, Phi, OneThird, Rad, Small

------------------ Initialize --------------

Rid =57.2957795130S230D0
OneThird = .0DO/3.0DO
Small= 0.OOOO0lDO
Rir =0.00O

R2r = O.0D0
R21 = 0.000
R3r = 0.000
R31 0 .000
Rootl= 0.000
Root2= 0.0D0
Root3= 0.000

----------- Force coefficients into std form---------
P= B/A
Q= C/A
R= 0/A

a= OneThird*( 3.ODO*Q - P*P)
b= (1.00/27.ODO)*( 2.000*P**3 - 9.ODO*P*Q + 27.000*R)

Delta= Ca**3/27.OD0) + (b'b/4.ODO)

---------------- Use Cardans formula------------
IF (Delta. gt. Small) THU

Templ= C-b*0.5D0)+08QRT(0eltl)
Temp2= (-b*G.50)-DWT(Delt&)
IF (DABS(Teapl).gt.5aall) THIN

Tempi= DSIGN(1.ODO,Tflpl)*( DSIGNCI.0D0,Tsmpl)*T*tp1
& **On*emird

ENDIF
IF (DAS(T~mp2).gt.Small) THEN

Teup2= DBIGN(l.0D0,Temp2)*( DBIGWCI.OD,T*mp2)*TLIp2)

ENDIF

Rootl= Tempi + Teup2
Root2= -O.5D0*(Templ + Temp2)
Root3: -0.50*(Teap1 + Temp2)
R21 = 0.500*DSQRT( 3.000 )*(Tomp2. - Temp2)
R31 -R21

ELSE
-------------- Evaluate xero point--------------

IF (DABS( Delta ).lt.Small) THEN
IF (DABS (b). gt. Ssall) THIN

Rootlc -0SIGN~l.000,b)*2.0DO*
& ( DIGN(l.000,b)*b/2.D0 )**OneThird

Root2= 0S1014(.00,b)* ( DSIGN~l.00,b)*b/2.0D0
£ **On@Third

Root3= Root2
E4D I F

*else let them be 0.00 since b is 0.000
ELSE

---------- -Use trigonometric identities ------------------
so = 2.GO*0SgRT(-a*On*Third)
CosPhi= (-b/(2.0DO*DSQRT(-i"*3/27.0D0))
SinPhi= DORT( 1.000-CosPhi**2)
Phi a ATV.'2( SinPhi,CosPhi)
Rooti = O'OCoa( Phi*OneThird)
Root2 =EO*OCos( Phi*On*Third + 120.000/Rad)
Root3 z IO'DCos( Phi*OneThird + 240.000/Had)

END IF
END! F

Rlr= Rootl - P*On*Third
R2r= Root2 - PwOnerhird
R3rz Root3 - P*OneThird

RETURN
END
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* SUBROUTINE QUARTIC

* This subroutine solves for the four roots of a quartic equation. There are
• no restrictions on the coefficients, and Imaginary results are passed
* out am separate values. The general form is y = ax4 + bx3 + cx2 + dx + e.

• Algorithm

• Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 10 Jan 1991
,

I Inputs
• a - Coeficient of x fourth term
• b - Coefficient of x cubed term
• c - Coefficient of x squared term
• d - Coefficient of x term
• e - Constant

• OutPuts
* RIr - Real portion of Root 1
* Rli - Imaginary portion of Root 1
* R2r - Real portion of Root 2
• R2i - Imaginary portion of Root 2
* R3r - Real portion of Root 3
* R31 - Imaginary portion of Root 3
• R4r - Real portion of Root 4
• R41 - Imaginary portion of Root 4

£ Locals
• Templ - Temporary value
* Temp2 - Temporary value
* Rootl - Temporary value of the root
* Root2 - Temporary value of the root
* Root3 - Temporary value of the root
• s - alternate variable
* h - Temporary value
* hSqr - h squared
• hCube - h Cubed
* P - Term in auxiliary equation
* - Term In auxiliary equation
• R - Term in auxiliary equation

Delta - Discriminator for us* with Cardans formulagoE - Angle holder for trigonometric solution
Phi - Angle used In trigonometric solution
CosPhi - Cosine of Phi
SlnPhI - Sine of Phi
Small - Tolerance factor
OneThird - 1.0/3.0

• RPrim - Values of roots before final work
* Temp - Temporary variable In finding MAX RPrime
• Eta - Constant coefficient in quadratic solutions
• Beta - Constant coefficient in quadratic solutions
*

* Constants 2

• Rad - Radians per degree
,
• Coupling
• ATAN2 - Arctangent including check for 180-360 dog
• POWER - Raiae a number to a power

* References
* Escobal pg. 430-433

--------------------------------- --------------------

0
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SUBROUTINE QUArtiC( a,b,c,d,e, Rlr,RlI,R2r,R2i,E3r,R31,R4r,R4i
IMPLICIT NONE
RRP.1*8 a,b,c,d,e, Rlr,Rli,R2r,R2i,R3r,R3i,R4r,R4i

-- - - - - - - - - - - - - - Local$ ----- -- - - - - - - - - - - -
RIAL*8 Templ, Tesp2, Rootl, Root2, Root3, a, h, Pf Q, R, Delta,0

& 0 0, OneThird, CosPhi, SInPhi, Phi, RPrIme, hSqr, HCube,

E ta, Beta, rad, Small

------------------ initializ --------------

Rad =57.29577951308230D0
OneThird =1.0/3.0
Small= O.000001D0
Rir =0.000
RIU =0.ODO
R2r =0.000
R21 =0.ODO
R3r =0.000
R31i 0.000
R4r =.000
R41 0.000
Rootl= 0.000
Root2= 0.000
Root3= 0.000

----------- Force coefficients Into std form -------------------
b= B/A
c= C/A
d= 0/A
0= x/A

H =-b/4
iISqr =H**2
IlCube H"*3

P= 6.0*HSqr + 3.0*b'h + c
Q= 4.0*HCube + 3.0*b*HSqr + 2.000'c'h + d

R: h*HCube + b*HCube + a*HSqr + d'h + a

a= (1.000/ 3.000)*( -P*P-2.ODO'R)
b= (i.ODO/27.000)'( -2.OD0'PPP+72.OD0'PR-27.D04Q'O
s= -(2.000/ 3.000)*P

Delta= (a**3/27.OD0) + (b'b/4.000)

IF (DABS(Q).gt.Small) THIN
---------------- Use Cardans formula--------------------------

IF (Dulta.gt.Swail) THIN
Temp12 (-b*0.5D0)+DSQRT(Deita)
Temp2z (-b*0.5D0)-DSQRT(Delta)
IF (DABS(Tompl).gt.Small) THIN

Templ: DSIGN(l.000,Templ)*( DSIGN(1.0D0.Tempi)*
£ Tempi )**On*Third

END IF
IF (DABS(Tsmp2).gt.Sma11) THEN

Temp?: DSIGN(1 .000,Temp2)*( D SIGN( l.ODO,Tomp2)*
£ Tcmp2 )**OneThird

ENDIF
Rooti: Tempi + Temp2
Root2a -0.500*(Templ + Tamp2)
Root3: -0.500*(Tsmp1 + Tamp2)
Rt21 2-0.500'DSQRT( 3.000 )*(Templ - Tsmp2)
R31 a-R21

ELSE
* ------------- Evaluate zero point--------------

IF (DABS( Delta ).1t.Small) TMI
IF (DABS(b).gt.SMall) THEN

Rootis -DSXIk(i.ODO,b)*2.OD0'
( 0810k1(1.000,b)'b/2.OD0 )"*OnoThird

Root2z DSIGN(l.OD,b)* ( OSIGN(l.DO,b)*b/
£ 2.000 )"O0n*ThIrd

Root3c Root2
ENPIF

* else let them be MO0D since b Is 0.000
EL82

* ------------- Use trigonometric Identities ---------
20 2.000'OSQRT(-a*OnoThird)
CosPhl= (-b/(2.ODO*DSQRT(-a**3/27.OD0)))
SInPhl= DBQRT( l.000-Co&Phi"*2)
Phi =OATAN2( SinPhifCosPhi
Rootl = 0*OCos( Phi'OneThird)
Root2 = 3O'OCos( Phl*QneThlrd + 120.000/Rad
Root3 t OCos( Phi*OnoThird + 240.000/Rad )

END IF
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------------ Find largest value of root ----------

RPrime= Rootl+s
17 ((RPriMC.lt.Root2Is).and.(DABS(R2i).lt.O.OOG0lDO)) THEN

RPrimom Root2+s
ENDIF

-~IF ((RPzirn..lt.Root3+s).and.(DADS(R3i).lt.O.OOO0lD)) THEN

------ Evaluate coefficients of two resulting Quadra tic - ----
IF (RPrime.gt.Small) TURM

Eta = O.5*( P + Mpine - Q/DSQRT(RPriae) )
Beta= O.5*( P + RPrime + Q/DSQRT(RPriae))

ELSE
Eta = O.5*P
Beta= 0.5*P

CALL Quadratic( l.ODO, DBQRT(RPrime),lta,
6. Rlr,Rli,R2r,R21)

CALL Quadratic( l.ODO,-D9QRT(RPrims) ,Beta,
£ R3r,R3i,R4r,R4i

ELSE
------- Cast where solution reduces to a quadratic--------

CALL Quadratic( l.O,P,R, Rlr,Rli,R2r,12i)
Rirz DSQRT( Rir)
Rli= DSQRT( Rli
R2r: DSQRT( R2r
R21= DSQRT( R21
R3rz -Rlr
R31= -Rli
R4r= -R2r
R4im -R21

Rlrz Rlr + h
R2rx R2r + h
R3rx R3r + h
R4r= R4r + h

RETURN
END
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* SUBROUT INE MATMULT

* This Subroutine multiplies two matricies together.

* Algorithm s Loop thuough the Rows
* Loop through the Cola
* Loop through an index
* Multiply and add up each cell value

* Author s Capt Dave Vallado USArA/DFAS 719-472-4109 20 Sep 1990

* Inputs t
* Kati - Matrix number 1
* Mat2 - Matrix nusber 2
* rl - Actual number of rows in Matl
* cl - Actual number of cola in Matt
* c2 - Actual number of cola in Mat2
* Naxrl - Maximum number of rows for Matl, the # declared in main
* axr2 - Maximum number of rows for Mat2, the # declared in main
* Maxr3 - Maximum number of rows for at3, the # declared in main
* Haxcl - maximm number of cola for ati, the I declared In main
* h'nxc2 - Maximum number of cola for Mat2, the 0 declared in main
* Naxc3 - Maximum number of cola for Mat3, the # declared in main

* OutPuts
* at3 - Matrix result of Natl * Mat2

* Locals
* row - Row counter for Nat3
* col - Col counter fcr Mat3
* ktr - Additional counter
a

* Coupling
* None.
a

------------------------------------------------------

SUBROUTINE HatMult ( Matlat2,rlcl,c2,MaxrlMaxr2,Maxr3,
& MaxCl,MaxC2,MaxC3, Mat3 

IKPLICIT 14ONK
INTEGER rl, cl, c2, Maxrl, Mxr2, Maxr3, Maxec, Mzxc2, axeo3
RZAL*8 Matl,(NaxrlMaxCl), Mat2(Maxr2,NaxC2), Hat3(Nxxr3,NaxC3)

-- Locals .------------------------------
INTEGER Row, Cot, ktr

*------------------- Implementation -------------------------
DO Row = I , rl
DO Col z 1 . c2

Nat3(Row,Col) s O.DO
DO ktr z 1 , cl

14at3(Rov,Col) 1 at3(Row,Col) +
& Matl(Row,kitr) * Mat2(ktrCol)

ENDDO
ENDDO

ENDDO
RETURN
END

' D-22 *



* SURBOUT INI MA2TADD

*This subroutine adds two matricies together.

*Algorithm s Loop through the Rows
* Loop through the Colt

* Add the matricies

*Author : Capt Dave Vallado USAPA/OFAS 719-472-4109 20 Sep 1990

* Inputs
* Mati - Matrix number 1
* at2 - Matrix number 2
* ri - Actual number of rows In Mati
* cl - Actual number of cola in Mati
* Maxrl - Maximum number of rows for Kati, the # declared in main
* Maxr2 - maximum number of rows for Mat2, the 0declared in main
* Maxr3 - maximum number of rows for Mat3, the *declared In main
* Maxcl - Maximum number of cola for Uatl, the # declared In main
* Maxc2 - iHaximun number of cola for Mat2, the # declared In main
* Maxc3 - maximum number of cola for Mat3, the # declared In main

O utput$
k at3 -Matrix result of Matl + Hat2 of six. rl x cl

* LocalsI
* row - Row counter for Mat3
* col - Col counter for Mat3

*Coupling

* None.

*References

* None.

---------------------------------------- ------------

SUBROUTINE HatAdd ( Matl,Nat2,rl,clMaxrl,axr2iMaxr3,
& Maxcl,Maxc2tMaxc3, Mat3)

IMPLICIT NONE
INTEGER rl, cl, Maxrl, Maxr2t Naxr3# Maxco Maxc2# Maxc3
REAL'S Matl(Maxrl,Maxcl), Mat2(Maxr2,Maxc2), Mat3(Naxr3#Maxc3)

-------------------- Locals ----------------------

INTEGER Row, Col

------------------ Implementation-------------------------
DO Row a1 ,rl

DO Col SI , cl
Mat3(RowCol) Matl(Row.Col) + Mat2(Row,Col)

1NDDO
ENODO

RETURN
END
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* SUDROUTINIC MATTRW4S

*This subroutine finds the transpose of a matrix.
*0

*Algorithm Loop through the Rows
* Loop through the Cole

* switch the rows ior columns

*Author t Capt Dave Vallado USAPA/DIAS 719-472-4109 20 Sep 1990

* Inputs
* ati - Matrix number I
* rI - Actual number of rows in Matl

cl - Actual number of cola in Matl
* Maxrl - maximum number of rows for Matli the # declared in m~ain
* Maxr2 - Maximum number of rows for 90t2P the # declared ir main
* Maxci - Maximum number of cola for Mati, the 0 declared i'a main
* axc2 - maximum number of cola for Mat2, the # declared in main

utput$
* 1at2 - Matrix result of transpose Matl

*Locals

* row - Row counter for Mat2
* col - Col counter for Mat2

*Coupling

* None.

--------------------------------------------------------

SUBROUTIME MatTrans ( Matl,rl,cl,Maxri,Maxr2Maxcl,Maxc2, Wa2
IKR'LICIT HONZ
INTZGER rltcl, Maxrl, Maxr2, Maxcl, Waxc2
REAL*S Natl(MaxrlMaxol)o Hat2(Maxr2,Maxc2)

-------------------- Locals------------------
INTZGER Row,Col

------------------ implementation -------------------
DO Row = lrl

DO Col = lcl
Mit2(CoL,Rou) * atl(Row,Col)

ENDDO

RETURN
END
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* SURflOU'flUK LUDXCOMP

* This subroutine decomposes a matrix in to an LU form. Note when used with
* MatInverse, MaxcRow, is met to 10. Also, Scal, is hardwired to 30.

* Algorithm

* Author t Ma,' Tom Riggs USANA/DFAS 719-472-4109 27 Apr 1989
*Capt Dave Vallado, USAFA/DIrAS 719-472-4109 20 Sep 1990

* Inputs
* Order -Order of matrix

* outputs
* LU -LU decomposition matrix
* index -Index vector for pivoting
* axRow -Maximum number of rows in the matricies

* LocalsI
* I -Index
* j -Index

* k - Index
* Imax - Pivot row pointer
* Scale - Scale factor vector
* Sum - Temporary Variables
* A~ax - Temporary Variables
* Dum - Temporary Variables
* Small - Tolerance

* Coupling t
* None.

* References I
* Numerical Recipes by Flannery

---------------------------------------------------
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SUBROUTINE LUD*Comp( LU,!ndex,Order,MaxRoV
IMPLICIT NONE
INTEGER NaxRov, Order
INTEGER Index(Order)
R~hL*8 LU(Nax~ow,XxRoV)

--------------- Locals ----------

INTEGER i, J, kc, isax
REAL'S Small, Scal*(30), Sun, AMex, Dun

------------------ Implementation----- -------------- ----

Small =0.000001
Imax =0
DO I = 1 ,Order

AMax 0.ODO
Do 3 1 , order

IF ( DAbs( LU(1,j) ).GT.AMAX T MND
Amex aDAbs( LU(iij))

ZNDIF
ENDDO
IF (DABS(AMax).le.S8all) THRi

Write(*,*) ISingular Matrix
ENDIF

Scale~i) = 1.ODO / AV'Ax
ENODO

Do J = 1 ,Order

DO 1 1 ,j-1
Sum LUGi,j)
Do kc 1 1 - 1

Sun Sum - LU(i,k)*LU(k,j)
324000
LU(i1j) Sum

AXex =0.ODO
DO i = J Order

Sum LU(i,1)
Do k 1I J I

Sum Sum -LU(i,k)*LJ(Icj)

LU(ipj) Sum
Dwa = Scale()*DAbs(Sum)
IF (Dum.go.AKaZ) then

IF (J.ne.imax) then
DO k a 1 Order

Dum LU(imax,K)
LU(imax,k) =LU(J,k
LU(J,Ic) s Dum

Scale~imax) z Scale~i)
ENDIF

Index(j) =Imax
IF (Dkbs( LU(j,J) ).lt.Small) then

Write(*,*) IMatrix is Singular
ENDIF

IF (J.no.Order) then
Dum 1.00 LU(J*J)
DO I j + 1 ,order

LU(i,I) Dum*LU(i,j)

RETURN
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* SURBOUTINS LUBkSUB

• This subroutine finds the inverse of a matrix using LU decomposition. Note,
• when this is used by MatInverse, MaxRow is set at 10.

• Algorithm S
*

• Author s Maj Tom Riggs USAJA/DFAS 719-472-4109 28 Apr 1989
• Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
,

• Inputs t
* Order - Order of matrix
• LU - LU decomposition matrix
• Index - Index vector for pivoting
• MaxRow - Maximum number of rows in the matricies
,

• OutPuts I
B B - Solution Vector

• Locals
i -Index
J -Index

* 10 - Pointer to non-sero element
* IPtr - Pivot Row Pointer
* Sum - Temporary Variables

* Coupling
* None.

• References
N Numerical Recipes by Flannery

-----------------------------------------------------

SUBROUTINE LUBkSub( LU,IndexOrder,B,MaxRow )
IMPLICIT NONE
INTEGER UaxRow, Order
INTUXGR Index(Order)
RIAL*8 LU(MaxRowMaxRow) ,3N(axRow)

--------------------------- Locals ----------------
INT2GER i,j,iptr,i0
REAL*8 Sum

-------------------------. Implementation-----------
10 - 0
DO i = I, Order

IPtr Index(i)
Sum B(IPtr)
B(Iptr) a B(1)
IF (I0.ne.0) THEN

DO j = 10 , i - I
Sum = Sum - LU(i,J)*B(J)

ENDDO
ELSE

IF (Sum.ne.0.0DO) THEN
10= I

ENDIF
ENDIF

B(i)= Sum
ENDDO

B(Order)= B(Order) / LU(Order,Order)

DO I = (Order - 1),l, -1
Sum B(1)
DO j I + I , Order

Sum = Sum - LU(i,j)*B(J)ENDDO
B(i)= Sum / LU(i,i)

ENDDO

RETURN
END
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SURDOUT INE MATINVERSE

* This subroutine finds the inverse of a matrix using LU decomposition. Note

* the MAXIMUM size matrix which may be inverted is a lOx1Oll

* Algorithm

* Author Maj Tom Riggs USAFA/DIAS 719-472-4109 28 Apr 1989

* Capt Dave Vallado USANA/DFAB 719-472-4109 22 Mar 1990
,

* Inputs
* A - Matrix to Invert
* Order - Order of matrix
* MaxRow - maximum number of rows for A, the # declared in main
,

* OutPuts
* AInv - Inverted matrix
.

* Locals I
* I - Index
* J - Index
* Index - Index vector for pivoting
* LU - LU decomposition matrix
* B - Operational vector to form Matlnv

* Coupling
* LUDecomp - Finds LU decompisition of a matrix
* LUBKSub - Finds LU back substitute results for system
*

* References
* Numerical Recipes by Flannery

---------------------------------------------------

SUBROUTINE Matlnverse( AOrder,MaxRow, Anv
IMPLICIT NONE
INTEGER Order,MaxRow
REAL*8 A(MaxRow,MaxRow), Alnv(MaxRow,MaxRow)

*----- NTEGER.......-------- Locals ------------------------------
INTEGER MaxR
PARAMETER (XaxR = 10)
INTEGER i,j,Index(.axR)
REAL*8 Lu(IaxR,MaxR),B(MaxR)

*--------------------- Implementation ------------------------

DO I = I , Order
Index(i) I
DO j = , Order

LU(i,j) = A(i,j)
ENDDO

ENDDO

CALL LUDeCoap( LU, Index, Order, MaxR

DO J = 1 , Order
DO i 1 , Order

IF (i.eq.j) THIN
B(i) = 1.0D0

ELS2
B(1) = 0.0D0

ENDIF
ENDDO
CALL LUBkSub( LU, Index, Order, B, MaxR

DO I I , Order
AInv(i,j) = B(i)

ENDDO

ENDDO

RETURN
END
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* SUBROUTINI PRINTHAT
*

* This subroutine prints a matrix. The user should be aware of trying to print
• matricies with more than about 6 columns. Although the code will allow for
• up to 10 columns as written, the editing specification may need to be
• changed to a smaller value than the r12.7 to accomodate larger matricies.
* You do NOT have to use all 10 spaces when printing a matrix.
,
• Algorithm : Write out the title for the matrix
• Loop through the rows and print out 1 row at a time

* Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
,
• Inputs t
• Matrix - Matrix
* Text - Text describing the name of the matrix
• row - Actual number of rows in Matrix
* col - Actual number of cola in Matrix
• MaxRow - Maximum number of rows for Matrix, the # declared in main
• MaxCol - Maximum number of cola for Matrix, the # declared in main
*

* OutPuts
• None.
*

• Locals
• RowKtr - Row counter for Matrix
• ColKtr - Col counter for Matrix

• Coupling I
* None.

------------------------------------ --------------------------------

SUBROUTINE PrintMatrix( Matrlx,Text,Row,Col,MaxRow,MaxCol )
IMPLICIT NONE
INTEGER MaxRow, MaxCol, Row, Col
RZAL*8 Matrix(MaxRow,MaxCol)
CHARACTER*8 Text

---------- - Locals--- --- -------------
INTGER RowKtr, ColKtr

------------------------- Implementation-- --------------
Write(*,*) Text
DO RowKtrz 1 ,Row

Write( *,20 ) (atrix(RowXtr,ColKtr),ColKtrulCol)
ENDDO

20 FORMAT( 10(F12.7,lX) )
RETURN
END

-
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* FUNCTION DITERMINANT
" This function calcuates the determinant value using L-U decompisitlon.

* The formula must have a NOM-ZIRO number in the 1,1 position. If the
* function senses a NON-ZERO number In row 1, it exchanges rowl for a row
* WITH a NON-ZERO number.

* Algorithm t

* Author : Capt Dave Vallado USAFA/DFA8 719-472-4109 12 Aug 1988
,

* Inputs
* Order - Order of deterainaent (t of rows)
* Matl - Matrix to find determinant of
* HaxRow - Maximum number of rows for Matrix, the # declared in main
,

* OutPuts
* Determinant - Result

* Locals
* I - Index
* J - Index
* k -Index
* Temp
* D
* Sum -

* L
* U
* Small - Tolarance for comparing to 0.0

* Coupling
* None.
,

* Referencest
* Marion pg. 168-172, 126-127

*i------------------------------------------------------
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REAL*8 FUNCTION DETEMINANT( Order,Natl,NaxRow
IHPLICIT NONE
INTEGER Order, iMaxRow
R1AL*8 Natl( MaXRow,MaxRow

---------------- Llc a----------- ------
INTEGER MaxR
PARAMETER (MaxR =10)
INTRGER i,j,k
RZAL*8 Temp,D,Sum,Small,L(NaxR,MaxR),U(MaxR,MaxR)

7 -- - - - - - - - -- Implementation --- - - - - - - - - - - --

Smnall= O.O00001n0
Sum = MOO0

----------- Switch a non zero row to the first row -------------
IF (DABlS( Matl(1,l) ).LT.Small) THEN

J= 1
DO WHILE (j.LE.Order)

IF ( DABS( Matl(j,l) ).GT.Small) THEN
It DO k1l,Order

Tamp= Matl(l,k)
Hatl(lc)= Natl(Jok)
Matl(j,k)z Tamp

ENDDO
J= Order + 1

ENDI!
J= j+1:i

ENDDO
END!!

DO 1= 1,Order

DO j= 1,Order
UC1,j)u Matl(l,j)/L(1,l)

ENDDO
DO in 2,Order

DO In J,Order
Sum= M.0O
DO kz 1,J-1

Sum= 5um4.L(i,k)'U(k,j)
ENDDO
L(i,j)z Matl(i,j)- Sum

ENDDO
U(j,J)= 1.0
IF (J.Ng.Order) THIN

DO L= J+1,Order
Sum= 0.000
DO k= 1,j-1

Sum='Suui+L(J,k)'U(k,i)

ENDO

END!

ENDDO
Da 1.ODO
DO in 1,Order

Da D*L(i,i)
ENDDO
Determinant= D

RETURN
END
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APPENDIX E

TEST CASES
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- Misc Time Tests E-1
- SITE-TRACK and RAZEL E-2
- ELORB and RandV E-4
- GIB13S E-10
- IHerrGIBI3S E-i1
- Find~andS, NewtonR E-12
- KEPLER E-13
- GAUSS E-20

S- PKEPLER E-28
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- Rendezvous, Orbit Cling E-37
- Reentry E-38
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- Cowells E-43

*'s indicate the answer is given in the reference cited
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MISC TIME Test Cases

JULIANDAY and INVJULIANDAY:
REF: Escobal pg 18-21

Ephemeris Values

GST
JD Year Jan 1, 0 Hr Mean Calculated

2451544.5 2000 99.9677947
2451179.5 1999 100.2065061
2450814.4 1998 100.4452177
2450449.5 1997 100.6839293
2450083.5 1996 99.9369936
2449718.5 1995 100.1757054
2449353.5 1994 100.4144172
2448988.5 1993 100.6531291
2448622.5 1992 99.9061937
2448257.5 1991 100.1449058
2447892.5 1990 100.3836180
2447527.5 1989 6 42 29.7644 29.3590 100.62232886 100.6223302
2447161.5 1988 6 39 30.1642 30.0945 99.87539345 99.8753951
2446796.5 1987 6 40 27.1354 27.3855 100.11410594 100.1141075
2446431.5 1986 100.3528200
2446066.5 1985 100.5915325
2445700.5 1984 6 39 21.7168 22.7031 99.84459595 99.8445978
2445335.5 1983 6 40 18.9168 19.9310 100.08304553 100.0833105
2444970.5 1982 100.3220232
2444605.5 1981 100.5607361
2444239.5 1980 6 39 14.7690 15.2510 99.81354553 99.8138016

Date Julian Date Longitude GST LST

Day Mon Yr Hr Min Sac

1 Jan 1900 0: 0: 0.0000 2415019.5000000 -104.883000 99.1981398 354.3151398

* 12 Oct 1962 10:1530.0000 2437949.9274306 298.221300 174.3881886 112.6091886

1 Jan 1980 0: 0: 0.0000 2444239.5000000 -104.883000 99.8138016 354.9308016

1 1 Jan 1985 6:48: 0.0000 2446066.7833333 298.221300 202.8707893 141.0920893

1 Jan 1987 0: 0: 0.0000 2446796.5000000 -104.883000 100.1141075 355.2311075
31 Dec 1987 0: 0: 0.0000 2447160.5000000 -104.883000 98.8897478 354.0067478

1 Jan 1988 0: 0: 0.0000 2447161.5000000 -104.883000 99.8753951 354.9923951
1 Dec 1988 0: 0: 0.0000 2447496.5000000 0.000000 70.0672619 70.0672619

31 Dec 1988 0: 0: 0.0000 2447526.5000000 -104.883000 99.6366828 354.7536828

14 Jul 1989 0: 0: 0.0000 2447721.5000000 0.000000 291.8379187 291.8379187
1 Aug 1989 0: 0: 0.0000 2447739.5000000 -104.883000 309.5795713 204.6965713

17 Aug 1989 0: 0: 0.0000 2447755.5000000 -104.883000 325.3499291 220.4669291
17 Aug 1989 14: 01 0.0000 2447756.0833333 -104.883000 175.9249077 71.0419077
17 Aug 1989 14:35: 0.0000 2447756.1076389 -104.883000 184.6988634 79.8158634
17 Aug 1989 14:35:59.9999 2447756.1083333 -104.883000 184.9495474 80.0665471
2 Oct 1989 0: 0: 0.0000 2447801.5000000 -104.883000 10.6897079 265.8067079

31 Dec 1989 0: 0: 0.0000 2447891.5000000 0.000000 99.3979706 99.3979706

1 Jan 1990 0: 0: 0.0000 2447892.5000000 -104.083000 100.3836180 355.5006180
1 Jan 1991 0: 0: 0.0000 2448257.5000000 -104.883000 100.1449058 355.2619058
1 Jan 1992 0: 0: 0.0000 2448622.5000000 -104.883000 99.9061937 355.0231937
1 Jan 1993 0: 0: 0.0000 2448988.5000000 -104.883000 100.6531291 355.7701291
1 Jan 1994 0: 0: 0.0000 2449353.5000000 -104.883000 100.4144172 355.5314172
1 Jan 1995 0: 0: 0.0000 2449718.5000000 -104.883000 100.1757054 355.2927054
I Jan 1996 0: 0: 0.0000 2450083.5000000 -104.883000 99.9369936 355.0539936
1 Jan 1997 0: 0: 0.0000 2450449.5000000 -104.883000 100.6839293 355.8009293
1 Jan 1998 0: 0: 0.0000 2450814.5000000 -104.883000 100.4452177 355.5622177
1 Jan 1999 0: 0: 0.0000 2451179.5000000 -104.883000 100.2065061 355.3235061
1 Jan 2000 0: 0: 0.0000 2451544.5000000 -104.883000 99.9677947 355.0847947

2 ]an 2000 0: O: 0.0000 2451545.5000000 -104.883000 100.9534420 356.0704420
2 oct 2000 0: 0: 0.0000 2451819.5000000 -104.883000 11.0208203 266.1378203

* Es-obal pg. 18, 21 and 22
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SITE-TRACK and RAZEL Test Cases

NOTICE the same data set is used for both SITE-TRACK tests and the RAZEL
test cases. RAZEL is simply the inverse process of finding the range,
azimuth, elevation, and rate terms from the vectors.

*1. BMW Appendix D.1,1

Given:
39.0070 deg Latitude 504.68000 km Range

-104.8830 deg Longitude 105.60000 deg Azimuth
7180.0000 ft Altitude 30.70000 deg Elevation
317.0200 Universal Time 2.08000 km/s Range rate
2 Day 0.05000 deg/s Azimuth rate

Sep Month 0.07000 deg/s Elevation rate
1970 Year

Find: i j k magnitude
RS = 0.2045751 -0.7510033 0.6262484 0.9990216 DU
VS = 0.0441842 0.0120359 0.0000000 0.0457942 DU/TU

R = 0.2790794 -0.7751794 0.6374576 1.0417008 DU
V = 0.2634728 -0.1492353 0.0519525 0.3072265 DU/TU

2. BMW Appendix D.1,2

37.8000 deg Latitude 300.00000 km Range
-175.9000 deg Longitude 315.00000 deg Azimuth

0.0000 ft Altitude 45.00000 deg Elevation
1905.1500 Universal Time -5.00000 km/s Range rate

8 Day -0.20000 deg/s Azimuth rate
Oct Month -0.30000 deg/s Elevation rate
1970 Year

RS = -0.4806057 0.6284402 0.6095710 0.9987471
VS = -0.0369734 -0.0282758 0.0000000 0.0465462

R = -0.4691328 0.6521522 0.6485385 1.0324680
V = 0.0186569 -0.3501725 -0.5839385 0.6811410

3. BMW Appendix D.1,3

29.8000 deg Latitude 1510.00000 km Range
-78.5000 deg Longitude 180.00000 deg Azimuth
15.0000 ft Altitude 45.00000 deg Elevation

2210.5750 Universal Time 4.50000 km/s Range rate
27 Day 0.50000 deg/s Azimuth rate

Dec Month 0.53000 deg/s Elevation rate
1970 Year

RS = 0.8558456 -0.1476259 0.4940560 0.9991779
VS = 0.0086854 0.0503525 0.0000000 0.0510961

R z 1.0809849 -0.1864604 0.4319837 1.1789426
V = 0.8084630 -1.2700249 1.5558259 2.1649873

'' Tests combination of azimuth and elevation since Az=180 and E1=45 **
is the same as Az:O and El = 135 **

4. tMW Appendix D.1,4

0.0000 dog Latitude 6378.16500 km Range
80.0401 deg Longitude 120.00000 dog Azimuth
0.0000 ft Altitude 90.00000 deg Elevation
0.0000 Universal Time 0.00000 km/s Range rate
1 Day 0.00000 deg/s Azimuth rate

Jan Month -0.10000 deg/s Elevation rate
1970 Year

RS = -0.9999889 -0.0047078 0.0000000 1.0000000
VS = 0.0002770 -0.0588329 0.0000000 0.0588336

R = -1.9999822 -0.0094157 0.0000000 2.0000044
V = 0.0062952 -1.3371525 -0.7040786 1.5112058

** Tests condition where satellite is directly overhead with small Del **
Tolerance chock case for RAZEL
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SITE-TRACK and RAZEL Test Cases ( Continued

5. BMW Appendix D.1,5

Given:
45.7000 deg Latitude 897.50000 km Range
72.9000 dog Longitude 201,10000 dig Azimuth

3610.0000 ft Altitude 76.70000 dog Elevation
1024.3000 Universal Time -0.57000 km/s Range rate

15 Day -0.75000 dig/s Azimuth rate
Nov Month 0.48000 dog/s Elevation rate
1970 Year

Find: i J k - magnitude
RS = 0.1588097 -0.6814766 0.7122471 0.9984622 DU
VS = 0.0400937 0.0093433 0.0000000 0.0411680 DU/TU

R = 0.1737448 -0.7983034 0.7892482 1.1359526 DU
V = 0.5975069 0.5823526 0.6294953 1.0451858 DU/TU

*6. USAFA Astro 451 Problem S 2

Given;
77.0000 dog Latitude 35533.92100 km Range

-68.0000 deg Longitude 169.85700 deg Azimuth
0.0000 ft Altitude 61.88300 dog Elevation

1801.0000 Universal Time -0.23720 km/s Range rate
I Day -0.00355 dig/s Azimuth rate

Feb Month 0.00433 dig/s Elevation rate
1979 Year

Find: I J k magnitude
RS = 0.2021307 -0.1003493 0.9709376 0.9968182
VS = 0.0059049 0.0118921 0.0000000 0.0132769
R 3.6534009 -1.2975403 5.1773391 6.4680590

V = -0.1535650 0.4116385 0.20%8733 0.4847696

17. USAFA Astro 321 Problem I I

Givel;
77.7000 deg Latitude 3409.25300 km Range

-68.5000 deg Longitude 37.66050 deg Azimuth
164.0000 ft Altitude 31.10590 dig Elevation
308.0000 Universal Time -1.18340 km/s Range rate
10 Day -0.12671 dog/s Azimuth rate
Jan Month 0.02544 dig/s Elevation rate
19R Year

Flizdi: i k magnitude
FS z 0.0000091 0.2135659 0.9736285 0.9968084
., 0.0125648 0.0004712 0.0000000 0.0125737

1 u.2824806 -u.0709120 1.3206178 1.3523517
V 0.7770328 -0.3392076 0.1526145 0.8621931

0



SLORI and RANDV Test Cases

Notice this data set may be used for both ELORB and RANDV tests.

*1. USAFA Astro 320 Handout Problem #I.I

i j k
R 

=  
1.1372844 -1.0534274 -0.8550194 1.7703625 DU

V = 0.6510489 0.4521008 0.0381088 0.7935440 DU/TU

p = 1.9199998
a = 1.9999997
e = 0.1999999

= 29.9999997
Omega = 29.9999963
Argp = 219.9999795
Nuo = 65.0000223
H = 45.5811951

U = Undefined
L = Undefined
Cappi = Undefined

Test of Elliptical Inclined Orbit

*2. USAFA Astro 320 Handout Problem *1.2

R 1.0561942 -0.8950922 -0.0823703 1.3869106

V -0.5981066 -0.6293575 0.1468194 0.8805557

p 1.4849799
a 1.4999797
a - 0.1000000
1 =170.0000001
Omega = 299.9999875
Argp z 25.0000239
Nuo = 314.9999636
H a 322.6859034

U = Undefined
L = Undefined
Cappi M Undefined

Test of Elliptical Inclined Orbit 0
*3. USAFA Astro 320 Handout Problem f1.3

R z -0.4222777 1.0078857 0.7041832 1.3000100
= -0.5002738 -0.5415267 0.47r 788 0.8770547

p 1.3000101

a 1.3000101
e 0.0000001
j . 53.0000018
Omega 8U.000e026
Argp Undefined
Nuo Undefined
H 44.9999979

U 44.9999979
L Undefined
Cappi Undefined

Test of Circular Inclined Orbit

*4. USAFA Astro 320 Handout Problem #1.4

R = -0.7309361 -0.6794646 -0.8331183 1.3000099
V = -0.6724131 0.0341802 0.5620652 0.8770547

p 1.3000100

a 1.3000100
e = 0.0000001

115.0002009

Omega = 200.0000000
Argp = Undefined
Nuo = Undefined
M = 315.0000000

U z 315.0000000
L = Undefined
Cappi z Undefined

Test of Circulat Inclined Orbit
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ELORB and RANDV Test Cases

*5. USAFA Astro 320 Handout Problem #1.5

R = -3.5651640 -3.5651640 0.0000000 5.0419033
V = 0.3143612 -0.2555279 0.0000000 0.4051141

p 4.1280004
a 4.3000002
e = 0.1999999
i = 0.0000000
Omega = Undefined
Argp = Undefined
Nuo = 204.9999984
H = 216.1768671
Ue
U = Undefined
L = Undefined
Cappi = 20.0000016

Test of Elliptical Equatorial Orbit

*6. USAFA Astro 320 Handout Prob.em #1.6

R = 4.4279958 0.3873994 -0.0000000 4.4449100
V = 0.0842152 -0.4585911 0.0000000 0.4662596

p 4.2570599
a 4.3000605
e = 0.1000000
i = 180.000n000
Omega = Undefined
Argp = Undefined
Nuo = 115.0000235
H = 104.2906454

U = Undefined
L = Undefined
Cappi = 239.9999770

**:*FA A~trTest Of Elliptical Equatorial Orbit

'.7. USAFA Astro 320 Handout Problem #1.7

R = 0.9720220 2.0845079 0.0000000 2.3000000
V z -0.5976017 0.2786662 0.0000000 0.6593805

p 2.3000002
a = 2.3000002
e = 0.0000001
I = 0.0000000
Omega z Undefined
Argp = Undefined
NuO Undefined
H 64.9999999

U = Undefined
L 64.9999999
Cappi z Undefined

Test of Circular Equatorial Orbit *0w

*8. USAFA Astro 320 Handout Problem #1.8

R = -0.2004582 2.2912478 -0.0000000 2.3000000
V = 0.6568713 0.0574688 -0.0000000 0.6593804

p 2.2999998
a z 2.2999998
e = 0.0000001
I z 180.0000000
Omega = Undefined
Argp z Undefined
Huo = Undefined
H = 265.0000002

U z Undefined
L z 265.0000002
Cappi = Undefined

Test of Circular Equatorial Orbit



ELORB and RANDV Test Cases

9. USAFA Astro 320 Handout Problem #1.9

R = 0.5916109 -1.2889359 -0.3738343 1.4666667V = 1.1486347 -0.0$08249 -0.1942733 1.1677485

p 2.2000003
a Infinity
a 1.0000002
i = 15.0000008
Omega = 35.0000066
Argp = 199.9999965
Nuo = 59.9999980
M = 323.8301540

U = Undefined
L Undefined
Cappi Undefined

Test of Parabolic Inclined Orbit

*10. USAPA Astro 320 Handout Problem 01.10

R = -1.0343646 -0.4814891 0.1735524 1.1540634
V = 0.1322278 0.7785322 1.0532856 1.3164373

p 2.2000002
a Infinity
e 1.0000001

= 120.0000012
Omega 210.0000011
Argp 34.9999971
Nuo = 335.0000053
H 313.2492351

U Undefined
L Undefined

Cappi 2 Undefined

Test of Parabolic Inclined Orbit

*11. USAFA Astro 320 Handout Problem #1.11

R = 0.9163903 0.7005747 -1.3909623 1.8070286
V = 0,1712704 1.1036199 -0.3810377 1.1800424

p 2 2.4150303

a = -3.5000428
a = 1.3000001
i a 55.0000008

Omega = 94.9999992
Argp = 215.0000065
Nuo = 74.9999925
H = 12.1U05408

U z Undefined
L z Undefined
Cappi = Undefined

Test of Hyperbolic Inclined Orbit

*12. USAPA Astro 320 Handout Problem #1.12

R = 12.3160223 -7.0604653 -3.7883759 14.6930721
V = -0.5902725 0.2165037 0.1628339 0.6494693

p = 2.4151907

a = -3.5002757
e = 1.3000001

i = 165.0000006
Omega = 235.0000236
Argp = 35.0000182
Nuo = 230.0000046
M = 170.1406418

U = Undefined
L = Undefined
Cappi = Undefined

Test of Hyperbolic Inclined Orbit
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ELORB and RANDV Test Cases

*. USAFA Astro 320 Handout Problem #1.1 Final

B = -0.4395790 -0.8344110 -0.4611020 1.0498031
V = 0.8860850 -0.3656480 -0.1816190 0.9756180

p = 1.0489991
a = 1.0490002
e = 0.0009997
1 = 28.5000027
Omega = 357.9999498
Argp = 26.9945554
Nuo = 220.0054910
M = 220.0791812

U = Undefined
L = Undefined
Cappi = Undefined

Example of a shuttle orbit

*2. USAFA Astro 320 Handout Problem #1.2 Final

R = 0.7764100 0.5236950 0.5407000 1.0813998
V = -0.3986130 -0.2688680 0.8327940 0.9616279

p = 1.0814006

a = 1.0814006
e = 0.0000008
I = 90.0000093
Omega = 33.9999974
Argp = Undefined
Nuo = Undefined
H = 30.0000075

U = 30.0000075
L = Undefined
Cappi = Undefined

Example Polar orbit, surveillance

*3. USAFA Astro 320 Handout Problem 01.3 Final

R = -3.9752320 -1.0966930 0.6458080 4.1739996
V = -0.0050220 -0.2347100 -0.4294930 0.4894673

p 4.1739975
a : 4.1739975
o : 0.0000009
1 = 62.9999994
Omega = 20.0000073
Argp = Undefined
Nuo = Undefined
H = 170.0000023

U z 170.0000023
L = Undefined
Cappi = Undefined

Sample of a GPS orbit

'4. USAFA Astro 320 Handout Problem #1.4 Final

R = 56.2767910 -4b.0649980 -31.1585420 80.3005354
V z -0.349400 0.2659280 0.1972370 0.48i4l08

p 4.8275047
a -4.8344217
e : 1.4137076
1 =146.5000870
Omega 279.9998432
Argp 86.9995231
Huo 228.3303462
H 101.5948009

U Undefined
L Undefined
Cappi Undefined

Sample Comet orbit **
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ELORS and RANDV Test Cases

*5. USAFA Astro 320 Handout Problem #1.5 Final

R = 0.0858850 0.0601370 1.1983940 1.2029717
V = -0.5553150 -0.3808360 0.1058350 0.6861263

p 0.6781607
a = 0.8390808
e = 0.4379285
I 90.0000140
Omega 35.0000152
Argp = 269.9999740
Nuo 175.0000189
H 168.5231854

U Undefined
L Undefined
Cappi U." lined

Somple ICBI4 trajectory

*6. USAFA Astro 320 Handout Problem #1.6 Final

R = 4.6744710 -4.6744710 0.0000000 6.6107003
V = 0.2750180 0.2750180 0.0000000 0.3889342

p = 6.6106958
a = 6.6106958
e = 0.0000007
I = 0.0000000
Omega = Undefined
Argp = Undefined
Nuo = Undefined
H = 315.0000000

= Undefined
L = 315.0000000
Cappi = Undefined

,t** Sample Communication ot Zarly Warning Sate]lite **

*I. USAFA Astro 320 Handout Problem #1.6 variation

R = -2.5494956 3.6410571 -0.0000000 4.4449100
V = 0.3550439 0.3022281 -0.0000000 0.4662596

p = 4.2570597
a = 4.3000604
e 2 0.1000001
i = 180.0000000
Omega = Undefined
Argp = Undefined
Nuo = 115.0000153
H = 104.2906221

U = Undefined
L = Undefined
Cappi = 119.9999850

2. BMW orbit #1 pg. 65

R = 1.0606602 1.0606602 -0.0000000 1.5000000
V = 0.4618802 -0.6928203 0.0000000 0.8326664

p 1.5000000
a z 1.5625000
e = 0.2000000
1 = 18C.0000000
Omega = Undefined
Argp z Undefined
Huo = 269.9999886
M = 292.7645813

U = Undefined
L = Undefined
Cappi a 45.0000114

N Note that I in IW Is redundant for this case "
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Hisc ELORB and RANDV Test Cases

3. BMW orbit #2 pg. 66

= 0.0000000 -1.2353675 1.2353675 1.7470735
V = 0.0000000 0.5773503 0.4140510 0.7104728

p = 1.5000002
a = 1.5625001
e = 0.1999999
I = 90.0000000
Omega = 270.0000000
Argp = 179.9999769
Nuo = 225.0000231
H = 243.0447589

U = Undefined
L = Undefined
Cappi = Undefined

* Note that u and 1 in BMW Are redundant for this case **

4. BHW ocbit #3 pg. 67

R = 0.3750000 0.6495191 -1.2990381 1.5000000
V = -0.7071068 0.4082483 -0.0000000 0.8164966

p 1.5000001
a = i.5000001
e = 0.0000001
i = 59.9999985
Omega = 150.0000001
Argp = Undefined
Nuo = Undefined
M = 270.0000009

U = 270.0000009
L = Undefined
Cappi = Undefined

** Note that 1 Is redundant for this case *'

5. USAFA Astro 320 Handout Problem 41.1 Extra

R = -1.1000000 0.0000000 0.0000000 1.1000000
V = -0.0045379 0.010000L 0.0000001 0.0109815

p = 0.0001210
a = 0.5500365

= 0.9998900
= 180.0000000

Omega = Undefined
Argp = Undefined
Nuo = 179.9971397
H = 179.2286881

U = Undefined
L = Undefined
Cappi = 0.0028603

**** Test the accuracy of tolerances in program ***

6. USAFA Astro 320 Handout Problem #1.2 Extra

R = 0.0228098 -0.1302512 0.9943682 1.0031220
V = -0.0110796 0.0678955 -0.4985516 0.5032755

p = 0.0000068
a = 0.5745511
a = 0.9999941
I = 87.6756823
Omega = 262.1614208
Argp = 262.7135085
Nuo = 180.0750475
H = 259.9215100

U = Undefined
£ = Undefined
Cappi = Undefined

Test of Rectilinear Ellipse Orbit
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GIBBS Test Cases
*1. BMW example pg. 115

Given:
I J k Find: I k magnitude

Rl = 0.000000 0.000000 1.000000 DU
R2 = 0.000000 -0.700000 -0.800000 DU V2 = 0.0000000 0.6996701 -0.6567445 0.9596101 DU\TU
R3 = 0.000000 0.900000 0.500000 DU 160.2405290

12. BMW pg. 146 problem 2.13a

Rl = 1.414225 0.000000 1.414202
R2 = 1.810657 1.060669' 0.310651 V2 -0.0912544 0.3128428 -0.5336687 0.6253001
R3 = 1.353540 1.414225 -0.646450 45.0000138

3. BMW pg. 147 problem 2.13b

Rl = 0.707113 0.000000 0.707101
R2 = -0.894979 0.565681 -0.949642 V2 0.0000000 0.0000000 0.0000000 0.0000000
R3 = -0.094979 -0.565681 -0.894977

• Vectors are not coplanar *

4. BMW pg. 147 problem 2.13c

RI = 1.000000 0.000000 0.000000
R2 = -0.800000 0.600000 0.000000 V2 -0.6000000 -0.8000000 0.0000000 1.0000000
R3 = 0.800000 -0.600000 0.000000 180.0000000

5. BMW pg. 147 problem 2.13d

R1 = 0.207096 3.535520 1.207125
R2 = 0.914201 4.949742 1.942347 V2 z 0.2509289 0.5016595 0.2475890 0.6132932
R3 = 1.621305 6.363955 2.621344 7.0617969

6. BMW pg. 147 problem 2.13e

Rl = 1.000000 0.000000 0.000000
R2 = 0.000000 1.000000 0.000000 V2 -1.0000000 0.0000000 0.0000000 1.0000000
R3 = -1.000000 0.000000 0.000000 90.0000000

7. BMW pg. 147 problem 2.13f

Rl = 7.000000 2.000000 0.000000 DU
R2 = 1.000000 1.000000 0.000000 DU V2 = 0.0000000 0.0000000 0.0000000 0.0000000
R3 = 2.000000 7.000000 0.000000 DU

• Orbit Is not possible **

8. BMW pg. 147 problem 2.13g

Rl = 0.000000 2.700000 0.000000
R2 = 2.970000 0.000000 0.000000 V2 0.0560259 -0.5802589 0.0000000 0.5831529
R3 = -2.970000 0.000000 0.000000 180.0000000

9. USAFA Astro 451 Problem #3

RI = 0.000000 1.100000 0.000000
R2 = -1.212992 -2.057288 1.212992 V2 z 0.1475475 -0.4985584 -0.1475475 0.5404637
R3 = 0.000000 -3.300000 0.000000 140.1776177

10. USAFA Astro 321 Problem 12

R1 = 0.000000 1.200000 0.000000
R2 = -1.212992 -2.157288 1.212992 V2 = 0.1752110 -0.4974362 -0.1607665 0.5513507
R3 = 0.000000 -3.400000 0.000000 142.6525475

II.

R1 = 1.200000 0.000000 0.000000
R2 = -0.800000 0.000000 0.$00122 V2 = 0.0000000 0.0000000 0.0000000 0.0000000
R3 = 0.000000 0.900000 0.000000 0.0000000

Vectors are not coplanar *** 0
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HUURIC-GIBBS Test Casoe

O1.. USAFA Astro 451 Problem 43

Given: i j k Univ Time Find: i J k magnitu

RI = 0.000000 1.100000 0.000000 DU 1201.00000
R2 = -1.212992 -2.057288 1.212992 DU 1309.55480 V2 -0.0000000 -0.8214425 0.0000000 0.82144
R3 = 0.000000 -3.300000 0.000000 DU 1418.50960 140.1776177

** Angles are too far apart **

*2. USAFA Astro 321 Problem #2

RI = 0.000000 1.200000 0.000000 1133.00000
R2 = -1.212992 -2.157288 1.112992 1241.55450 V2 2 0.0038602 -0.7776137 -0.0035420 0.77763
R3 = 0.000000 -3.400000 0.000000 1349.50900 142.6525475

** Angles are too far apart **

*3. USAFA Astro 321 Problem #1 Fall 88

Rl = 0.53618414 0.94382196 0.43658524 0.000000
R2 = 0.51957094 0.95496111 0.43247339 0.169917 V2 = -0.7922407 0.5226298 -0.1980809 0.96954
R3 = 0.50281293 0.96583641 0.42824155 0.339865 1.0000002

*4. USAFA Astro 321 Problem #2 Fall 88

R1 = 0.53618414 0.94382196 0.43658524 0.000000
R2 = 0.46030868 0.99185440 0.41714307 1.164760 V2 a -0.8148447 0.4778570 -0.2176481 0.96937
R3 = 0.38176536 1.03437523 0.39533848 2.330378 4.5000004

*5. USAFA Astro 321 Problem 03 Fall 88

RI = 0.53618414 0.94382196 0.43658524 0.000000
R2 = -1.04241241 0.71031097 -0.25535014 27.197046 V2 x -0.5086478 -0.5539836 -0.3345728 0.82314
R3 = -0.65533617 -1.15356018 -0.53360418 62.369619 90.0000004

6.

RI = 0.207096 3.535528 1.207125 3.7417

R2 = 0.914201 4.949742 1.942347 5.3952 V2 x 6.5998156 13.1992165 6.6074758 16.16856
R3 = 1.621305 6.363955 2.621344 7.0711 7.0617969

7.
Rl = 1.200000 0.000000 0.000000 0.0000
R2 = -0.800000 0.000000 0.800122 1000.0000 V2 = 0.0000000 0.0000000 0.0000000 0.00000
R3 z 0.000000 0.900000 0.000000 2000.0000 0.0000000

*** Vectors are not coplanar ***
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FindCandS s
REP: BMW chart on pg. 209

2 C S

-39.47842 5.83559577 0.97444596
0.00000 0.50000000 0.16666667
0.57483 0.47650300 0.16194146

39.47842 0.00000000 0.02533029
50.00000 0.00589304 0.01799504

NewitonRs
REF: BMW chart on pg. 221

Eccentricity Mean Anomaly dog Eccentric Anomaly dog True Anomaly dog
* 0.04844 151.7425 153.002000 154.236000

0.00000 90.0000 90.000000 90.000000
0.49900 90.0000 115.751233 140.098510
0.50000 90.0000 115.793623 140.177613
0.51110 90.0000 116.261345 141.049998
0.99900 90.0000 132.321144 178.867518
1.00000 90.0000 132.346459 180.000000

0.00000 270.0000 270.000000 270.000000
0.49900 270.0000 244.241767 219.901490
0.50000 270.0000 244.206377 219.822387
0.51110 270.0000 243.738655 218.950002
0.99900 270.0000 227.671856 181.132402
1.00000 270.0000 227.653541 180.000000

*(Roy pg 85) __________

2 -.... .. .. ... .. .... .. .. ....... .. ...

E-cetricanomly

E-12



KEPLER Test CaNsE

*. BMW example problem pg. 210

Ro = 1.0000000 0.0000000 0.0000000 1.0000000
Vo = 0.0000000 0.0000000 1.1000000 1.1000000
Dt = 2.00000 TU

R = -0.3206670 0.0000000 1.2364349 1.2773404
V = -0.8799766 -0.0000000 -0.0373113 0.8807672

R = -0.3187509 -0.0000000 1.2367231 1.2771398
V = -0.8801729 0.0000000 -0.0359836 0.8809082

Iterations:
0 X tn dt xn c z
1 1.58000 1.70506 1.22178 1.82140 0.15098 0.42304 1.97216
2 1.82140 2.00684 1.27860 1.81605 0.14614 0.39990 2.62083
3 1.81605 2.00000 1.27734 1.61605 0.14625 0.40044 2.60545

Two-Body Two-Body New Perturbed New
p 1.210000 1.2099960 1.2100000
a 1.266000 1.2658188 1.2650228
e 0.210000 0.2100003 0.2100000
1 90.000000 90.0000000 90.0000000
Omega = 0.000000 0.0000000 0.0000000
Argp = 0.000000 359.9990766 359.9554007
Nu : 0.000000 104.5401464 104.4973687
H 0.000000 80.4633328 80.4188239

U Undefined Undefined Undefined
L Undefined Undefined Undefined
Cappi Undefined Undefined Undefined

2. BMW Appendix D.3,1

Re = 0.0000000 1.0000000 0.0000000 1.0000000
Vo = 0.0000000 0.0000000 1.0000000 1.0000000
Dt z 3.14159 TU

R = 0.0000000 -1.0000000 0.0000000 1.0000000
V = -0.0000000 -0.0000000 -1.0000000 1.0000000

3.04734 3.04734 1.00000 3.14159 0.10436 0.21489 9.28631
2 3.14159 3.14159 1.00000 3.14159 0.10132 0.20264 9.86960

p = 1.0000000 1.0000000
a 1.0000000 1.0000000
o 0.0000000 0.0000000

= 90.0000000 90.0000000
Omega = 90.0000000 90.0000000
Argp = Undefined Undefined
Mu Undefined Undefined
H 0.0000000 179.9999998

U 0.0000000 179.9999998
L = Undefined Undefined
Cappi : Undefined Undefined

* Tests first guess being too close "
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KEPLER Test Cases Continued

*3. BMW Appendix D.3,2

Ro 0.0000000 0.0000000 -0.5000000 0.5000000
Vo = 0.0000000 2.0000000 0.0000000 2.0000000
Dt = 1000000.00000 TU

R 0.0000000 181.7065561 16508.1362596 16509.1362596
V 0.0000000 0.0000606 0.0110064 0.0110066

1 181.60401 998308.06507 16490.50865 181.70661 0.16667 0.50000 0.00000
2 181.70661 1000000.95604 16509.14678 181.70656 0.16667 0.50000 0.00000
3 181.70656 1000000.00000 16509.13626 181.70656 0.16667 0.50000 0.00000

p 1.0000000 1.0000000
a Infinity Infinity
e 1.0000000 1.0000000

90.0000000 90.0000000
Omega = 90.0000000 90.0000000
Argp = 270.0000000 270.0000000
Nu = 0.0000000 179.3693656
H = 0.0000000 0.0000000

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

** Tests first guess for a parabolic case *

4. BMW Appendix D.3,3

Re = 0.3000000 1.0000000 0.0000000 1.0440307
Vo = 3.0000000 0.0000000 0.0000000 3.0000000
Dt = 5.00000 TU

R = 13.9623306 -0.1172043 0.0000000 13.9628225
V = 2.6781140 -0.2375952 0.0000000 2.6886328

1 1.07476 4.70954 13.17760 1.09680 0.24966 0.94757 -8.18323
2 1.09680 5.00844 13.97719 1.09620 0.25380 0.97132 -8.52232
3 1.09620 5.00002 13.95466 1.09620 0.25369 0.97066 -8.51295
4 1.09620 5.00000 13.95462 1.09620 0.25369 0.97066 -8.51293

p = 9.0000000 9.0209890
a = -0.1411563 -0.1411331

= 8.0473056 8.0571895
= 180.0000000 180.0000000

Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = 18.7455592 92.5176401
M = 120.4376913 123.2503893

U = Undefined Undefined
L = Undefined Undefined
Cappi z 267.9536850 267.9633079

E
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KEPLER Test Cases ( Continued

5. BMW Appendix D.3,4

Ro = 0.5000000 0.7000000 0.8000000 1.1747340
Vo = 0.0000000 0.1000000 0.9000000 0.9055385

Dt 
= 

-20.00000 TU

R = 0.0401556 0.2664818 1.9566242 1.9750958
V = -0.2291452 -0.2755040 0.0410620 0.3606883

R = -0.0345322 0.1776451 1.9665741 1.9748833
V = -0.2269849 -0.2802384 0.0122192 0.3600393

Iterationss
X tn dt xn c a 2

1 -4.27355 -3.33825 1.75082 -5.13271 0.07389 0.10191 16.11755

2 -5.13271 -4.97455 1.97359 -5.06579 0.05188 0.03832 23.24957
3 -5.06579 -4.84241 1.97510 -5.06583 0.05342 0.04210 22.64727
4 -5.06583 -4.84248 1.97510 -5.06583 0.05342 0.04210 22.64758

Two-Body Two-Body New Perturbed New
p 0.507500 0.5075000 0.5075000

a 1.133000 1.1331277 1.1331277

e 0.743051 0.7430509 0.7430509

1 = 85.975300 85.9753157 85.9753157
Omega = 50.710600 50.7105931 51.1301413
Argp = 263.200600 263.2005657 266.1157703
Nu = 139.853500 180.0632823 160.4983038

H 0.000000 180.2872918 182.2620600

U = Undefined Undefined Undefined
L = Undefined Undefined Undefined
cappi = Undefined Undefined Undefined

** Tests elliptical orbit with multi-revs, and backwards propogation **

6. BMW Appendix D.3,5

Ro = 0.0259170 -3.1506890 1.1388780 1.1490962
Vo = 0.0003610 0.0019740 0.0021770 0.0029608
Dt 1.50000 TU

R 0.0085365 -0.0529898 0.3863987 0.3901086
V 0.0412043 -0.2434089 1.8235400 1.8401749

R 0.1795636 0.3559402 1.0177988 1.0930923
V -0.0502841 -0.0990878 -0.2771914 0.2986335

1 2.61073 1.37264 0.02563 3.10763 0.09159 0.16476 11.86306
2 3.10763 1.43116 0.24285 3.39110 0.07137 0.09370 16.80859

3 3.39110 1.52675 0.43715 3.32990 0.06081 0.06177 20.01489
4 3.32990 1.50137 0.39261 3.32642 0.06301 0.06808 19.29898
5 3.32642 1.50000 0.39010 3.32641 0.06314 0.06845 19.25860

Two-Body Two-Body New Perturbed Now
p 0.000010 0.0000068 0.0000068
a 0.575000 0.5745364 0.5745510
e 0.999994 0.9999941 0.9999941
1 87.675500 87.6755397 07.6755397
Omega = 262.160300 262.1602976 57.2818408
Argp = 262.713600 262.7135482 248.6861358

Hu 179.999700 179.7256034 180.0445312

H = 179.668730 17.0114300 49.8512900

U Undefined Undefined Undefined
L Undefined Undefined Undefined
Cappi Undefined Undefined Undefined

** Tests rectilinear ellipse and x larger than TwoPI square root of a *
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KEPLER Test Cases ( Continued

7. BMW Appendix D.3,6

Ro = -0.5000000 0.0000000 0.0000000 0.5000000
Vo = O.OOOUOOO 1.9990000 0.0000000 1.9990000
Dt = 1000.00000 TU

R = 152.6766761 14.5709289 0.0000000 153.3703993
V = 0.0950524 0.0025250 0.0000000 0.0950859

1 3.99900 12.60289 8.43757 15.70138 0.16613 0.49734 0.06395
2 15.70138 620.70914 113.73956 19.03611 0.15864 0.46025 0.98509
3 19.03611 1076.59133 160.51588 18.55895 0.15500 0.44246 1.44913
4 18.55895 1001.67034 153.52879 18.54807 0.15556 0.44518 1.37739
5 18.54807 1000.00086 153.37048 18.54807 0.15557 0.44524 1.37578
6 18.54807 1000.00000 153.37040 18.54807 0.15557 0.44524 1.37578

p = 0.9990003 0.9990002
a = 250.0625156 250.0625156
a 0.9980005 0.9980005

180.0000000 180.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = 0.0000000 174.5484021
H = 0.0000000 14.4993779

U = Undefined Undefined
L = Undefined Undefined
Cappi = 180.0000000 180.0000000

** Tests x larger than TwoPi square root of a **

*8. Kaplan example problem pg. 307

Ro = 1.5679000 0.0000000 0.0000000 1.5679000
Vo = 0.0000000 1.1638000 0.0000000 1.1638000
Dt = 13.38600 TU

R -4.8259941 7.3013686 -0.0000000 8.7521542
V -0.4571857 0.3135849 -0.0000000 0.5543953

Iterations:
# X tn dt xn c a 2
1 -2.27833 -5.83264 4.58493 1.91337 0.17011 0.51729 -0.40924
2 1.91337 4.33083 3.67462 4.37762 0.16909 0.51214 -0.28863
3 4.37762 23.80414 13.75970 3.62047 0.17972 0.56621 -1.51083
4 3.62047 15.03431 9.58837 3.44857 0.17549 0.54457 -1.03341
5 3.44857 13.45554 8.78785 3.44065 0.17466 0.54031 -0.93760
6 3.44065 13.38614 1.75223 3.44064 0.17462 0.54012 -0.93330
7 3.44064 13.38600 8.75215 3.44064 0.17462 0.54012 -0.93329

p = 3.3296105 3.3296116
= -12.6840963 -12.6840731

e = 1.1236115 1.1236117
i = 0.0000000 0.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = 0.0000000 123.4635459
H = 0.0000000 16.9779486

U = Undefined Undefined
L = Undefined Undefined
Cappi = 0.0000000 0.0000076

Tests Hyperbolic first guess

0
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KEPLER Test Cases ( Continued

'9. BMW problem pg. 224 #4.9

RO = 0.0000000 1.1000000 0.0000000 1.1000000
Vo = 1.4142140 0.0000000 0.0000000 1.4142140
Dt = 2.22000 TU

R = 2.4048811 0.0125729 0.0000000 2.4049140
V = 0.7747505 -0.6428154 -0.0000000 1.0067025

1 -2.92864 -8.65183 6.95066 -1.36450 0.18016 0.56845 -1.55945
2 -1.36450 -2.01771 2.24898 0.51978 0.16951 0.51427 -0.33852
3 0.51978 0.59992 1.26277 1.80274 0.16708 0.50205 -0.04912
4 1.80274 3.18987 3.14786 1.49464 0.17166 0.52511 -0.59089
5 1.49464 2.32559 2.48636 1.45217 0.17008 0.51715 -0.40617
6 1.45217 2.22171 2.40623 1.45146 0.16989 0.51618 -0.38342
7 1.45146 2.22000 2.40491 1.45146 0.16989 0.51617 -0.39305

p 2.4200015 2.4200016
a -5.4999626 -5.4999621
a 1.2000014 1.2000014

= 180.0000000 180.0000000
Omega Undefined Undefined
Argp Undefined Undefined
Nu : 0.0000000 89.7004544
H 0.0000000 9.8613428

U Undefined Undefined
L Undefined Undefined
Cappi 270.0000000 270.0000017

*10. BMW problem pg. 225 #4.18

Ro 0.2000000 0.0000000 0.0000000 0.2000000
Vo : 3.1622770 0.0000000 0.0000000 3.1622770
Dt 219.60000 TU

R 60.1009021 0.0000000 0.0000000 60.1009021
V 0.1824184 0.0000000 0.0000000 0.1824184

1 10.94471 258.57402 67.01540 10.36314 0.16667 0.50000 0.00000
2 10.36314 221.52504 60.45160 10.33130 0.16667 0.50000 0.00000
3 10.33130 219.60557 60.10196 10.33121 0.16667 0.50000 0.00000
4 10.33121 219.60000 60.10095 10.33121 0.16667 0.50000 0.00000

2.42000 -5.500 1.200001 180.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

2.42000 -5.500 1.200001 180.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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KEPLER Test Cases ( Continued

11. A423 Skills Test #1

Ro = 1.6118775 2.2769723 -1.2822678 3.0703359
Vo = -0.4250056 0.2604223 0.0542680 0.5013926
Dt = 214.17654 TU

R = 1.8809513 -1.6342999 -0.0901493 2.4937015
V = 0.4770905 0.3231269 -0.2645644 0.6340510

p = 2.3437501 2.3437501
a = 2.5000000 2.5000000
e = 0.2500000 0.2500000
i = 24.9999999 24.9999999
Omega = 135.0000010 134.1680458
Argp = 79.9999986 81.4260368
Nu = 198.8108615 103.9177230
H = 209.9999997 75.0993655

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

12. A423 Skills Test #2

Ro = 2.7551415 -1.3550490 0.0000000 3.0703359
Vo = 0.1728093 0.4706713 0.0000000 0.5013926
Dt = 214.17654 TU

R = -1.2456159 -2.1633243 0.0000000 2.4963035
V z 0.4524628 -0.4432404 0.0000000 0.6333914

p = 2.3437501 2.3437501
a = 2.5000000 2.5000000
a = 0.2500000 0.2500000
1 = 0.0000000 0.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined
NU = 198.8108623 104.1491546
H = 210.0000011 75.3374320

U Undefined Undefined
L : Undefined Undefined
Cappi 134.)999987 135.9180301

13. A423 Skills Test 03

Ro = -2.3828847 0.1171153 0.7470906 2.5000000
Vo 0.0296281 -0.6028275 0.1890006 0.6324555
Dt =214.17654 TU

R 1.5826718 1.6215515 -1.0562767 2.5000000
V -0.4506182 0.4437419 0.0060304 0.6324555

p = 2.5000000 2.5000000
a = 2.5000000 2.5000000
e z 0.0000000 0.0000000
I = 25.0000000 25.0000000
Omega = 134.9999996 134.2681031
Argp = Undefined Undefined
Hu = Undefined Undefined
H = 45.0000003 271.2927914

U = 45.0000003 271.2927914
L M Undefined Undefined
Cappi = Undefined Undefined
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KEPLER Test Cases ( Continued

14. A423 Skills Test #4

Re = -1.7677670 1.7677670 0.0000000 2.5000000

Vo = -0.4472136 -0.4472136 0.0000000 0.6324555
Dt = 214.17654 TU

R = 2.4995703 0.0463477 0.0000000 2.5000000
V = -0.0117251 0.6323468 0.0000000 0.6324555

p = 2.5000000 2.5000000
a = 2.5000000 2.5000000
e1 0.0000000 0.0000000
I = 0.0000000 0.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined

Nu = Undefined Undefined
M = 135.0000000 1.0622709

U = Undefined Undefined
L = 135.0000000 1.0622709
Cappi = Undefined Undefined
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GAUSS Test Cases

*1. BHW Appendix D.4,1 and pg.275 5.11a

Ri = 0.5000000 0.6000000 0.7000000 1.0488088
R2 = 0.0000000 -1.0000000 0.0000000 1.0000000

Delta time = 20.0000000 TU Long Way

V12 = -0.1229814 1.1921622 -0.1721740 1.2107927
V22 = 0.6698699 0.4804148 0.9378179 1.2486368

Iterations:
# Z y x tn vara upper lower
0 0.00000 2.99624 2.44795 1.28525 -0.670 39.47842 0.00000
1 19.73921 1.47495 4.79505 5.98349 -0.670 39.47842 19.73921
2 29.60881 1.18407 10.24734 40.59459 -0.670 29.60881 19.73921
3 24.67401 1.29916 6.54703 12.82559 -0.670 29.60881 24.67401
4 27.14141 1.23460 8.00517 21.34479 -0.670 27.14141 24.67401
5 25.90771 1.26506 7.20509 16.32057 -0.670 27.14141 25.90771

20 26.85471 1.24136 7.80435 19.99996 -0.670 26.85475 26.85471
21 26.85473 1.24136 7.80436 20.00005 -0.670 26.85473 26.85471
22 26.85472 1.24136 7.80436 20.00001 -0.670 26.85472 26.85471

p = 1.3282282 1.3282282
a = 2.2680559 2.2600559
e 0.6437204 0.6437204
i = 54.4623222 54.4623222
Omega = 270.0000000 270.0000000
Argp = 59.3433343 59.3433343
Nu = 65.5518930 300.6566657
H = 13.0845681 348.5688217

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

2. BMW Appendix D.4,2

R1 z 0.3000000 0.7000000 0.4000000 0.8602325
R2 = 0.6000000 -1.4000000 0.6000000 1.7204651

Delta time= 5.0000000 TU Short Way

V12 = 0.7326124 -0.1048188 0.9768165 1.2255115
V22 = -0.3438450 -0.1048188 -0.4584600 0.5825822

0 0.00000 1.16648 1.52741 1.67394 1.000 39.47642 0.00000
1 19.73921 3.43729 7.32002 26.03536 1.000 19.73921 0.00000
2 9.86960 2.58070 3.56865 6.21125 1.000 9.86960 0.00000
3 4.93480 1.95276 2.44978 3.30956 1.000 9.86960 4.93480
4 7.40220 2.28527 2.97388 4.53124 ).000 9.66960 7.40220
5 0.63590 2.43747 3.26097 5.30134 1.000 8.63590 7.40220

17 8.17658 2.38187 3.15185 4.99985 1.000 8.17688 8.17658
18 8.17673 2.38189 3.15188 4.99994 1.000 8.17618 8.17673
19 8.17681 2.38190 3.15190 4.99999 1.000 8.17688 8.17681

p 0.8228737 0.8228737
a 1.2149570 1.2149570
e 0.5680790 0.5680790
1 126.8698976 126.8698976
Omega = 90.0000000 90.0000000
Argp = 301.1532226 301.1532226
Nu z 94.3844552 203.3090996
H = 31.1518847 245.0714534

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

0
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GAUSS Test Cases ( Continued

3. BMW Appendix D.4,3

RI z 0.5000000 0.6000000 0.7000000 1.0488088
R2 c 0.0000000 1.0000000 0.0000000 1.0000000

Delta time = 1.2000000 TU Long Way

V12 = -0.4053006 -0.9427690 -0.5674209 1.1726246
V22 = 0.2282041 1.1462875 0.3194858 1.2116614

0 0.00000 3.86474 2.78020 1.05725 -1.284 39.47842 0.00000
1 19.73921 0.94890 3.84604 2.25659 -1.284 19.73921 0.00000
2 9.86960 2.04881 3.17970 1.41934 -1.284 9.86960 0.00000
3 4.93480 2.85511 2.96220 1.21082 -1.284 4.93480 0.00000
4 2.46740 3.33287 2.86767 1.12893 -1.284 4.93480 2.46740
5 3.70110 3.08744 2.91396 1.16836 -1.284 4.93480 3.70110

12 4.63602 2.91020 2.95033 1.20024 -1.284 4.63602 4.62638
13 4.63120 2.91109 2.95014 1.20008 -1.284 4.63120 4.62638
14 4.62879 2.91154 2.95004 1.19999 -1.284 4.63120 4.62879

: = 0.1541483 0.1541483
a = 1.8801350 1.8801350
e = 0.9581295 0.9581295
i = 125.5376778 125.5376778
Omega = 90.0000000 90.0000000
Argp = 208.0160964 208.0160964
Nk = 207.0886763 151.9839036
M = 346.1845632 12.8542076

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

4. BMW Appendix D.4,4

Rl = -0.2000000 0.6000000 0.3000000 0.7000000
R2 = 0.4C00000 1.2000001 0.6000000 1.4000000

Delta time = 50.0000000 TU Short Way

V12 = -0.1616701 1.4377416 0.7188708 1.6155536
V22 = -0.1616701 -0.9613760 -0.4806890 1.0969415

Iterations:
z z y x tn vara upper lower

0 0.00000 0.20263 0.63661 0.64694 1.342 39.47842 0.00000
1 19.73921 3.24923 7.11696 24.64273 1.342 39.47842 19.73921
2 29.60881 3.83177 18.43411 243.19086 1.342 29.60881 19.73921
3 24.67401 3.60129 10.90041 65.26346 1.342 24.67401 19.73921
4 22.20661 3.44164 8.74226 38.96151 1.342 24.67401 22.20661
5 23.44031 3.52541 9.72914 50.CU039 1.342 23.44031 22.20661

18 23.44016 3.52540 9.73901 49.99882 1.342 23.44031 23.44016
19 23.44024 3.52540 9.73907 49.99960 1.342 23.44031 23.44024
20 23.44027 3.52541 9.73910 50.00000 1.342 23.44031 23.44027

p = 0.0453848 0.0453848
a = 4.0464609 4.0464609
e = 0.9943762 0.993762
I = 153.4349488 153.434488
Omega = 180.0000000 180.0000000
Argp = 273.2706090 273.2706090
Nu = 160.1278414 193.3309406
H z 2.0933119 354.0421994

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined
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GAUSS Test Cases ( Continued

5. BMW Appendix D.4,5 and pg. 275 5.11c

1.0000000 0.0000000 0.0000000 1.0000000
R2 = 0.0000000 1.0000000 0.0000000 1.0000000

Delta time = 0.0001000 TU Short Way

V12 = 0.0000000 0.0000000 0.0000000 0.0000000
V22 = 0.0000000 0.0000000 0.0000000 0.0000000

0 0.00000 0.58579 1.08239 0.97672 1.000 0.00009-12.56637
1 -2.86239 0.04886 0.27820 0.22517 1.000 -2.86239 -2.86239
2 -2.86239 0.04886 0.27820 0.22517 1.000 -2.86239 -2.$6239
3 -2.86239 0.04886 0.27820 0.22517 1.000 -2.86239 -2.86239

28 -2.86239 0.04886 0.27820 0.22517 1.000 -2.86239 -2.86239
29 -2.86239 0.04886 0.27820 0.22517 1.000 -2.86239 -2.86239
30 -2.86239 0.04886 0.27820 0.22517 1.000 -2.86239 -2.86239

p = Undefined Undefined
a = Undefined Undefined
a = Undefined Undefined

= Undefined Undefined
Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = Undefined Undefined
H = Undefined Undefined

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

** Tests point whore t In very close to 0. NOT possible to converge **

6. BMW Appendix D.4,6

R1 = -0.4000000 0.6000000 -1.2010000 1.4008572
R2 = 0.2000000 -0.3000000 0.6000000 0.7000000

Delta time = 5.0000000 TU Short Way

V12 = 0.2551050 -0.3826576 -0.5738817 0.7354220
V22 = -0.7292157 1.0930236 0.4920219 1.4036706

0 0.00000 2.10049 2.04963 1.43545 0.000 39.47842 0.00000
1 19.73921 2.10108 5.72302 11.55672 0.000 19.73921 0.00000
2 9.86960 2.10086 3.21983 3.31255 0.000 19.73921 9.86960
3 14.80441 2.10098 4.20278 5.86034 0.000 14.80441 9.86960
4 12.37701 2.10092 3.66271 4.39418 0.000 14.30441 12.33701
5 13.57071 2.10095 3.91883 5.05635 0.000 13.57071 12.33701

17 13.47462 2.10095 3.89794 5.00013 0.000 13.47462 13.47432
18 13.47447 2.10095 3.89790 5.00004 0.000 13.47447 13.47432
19 13.47440 2.10095 3.89789 5.00000 0.000 13.47440 13.47432

p = 0.9334014 0.9334814
a = 1.1275842 1.1275842
e = 0.4148981 0.4148981
l = 90.0000000 90.0000000
Omega = 303.6900675 303.6900675
Argp = 95.4911977 95.4911977
Nu = 143.5271501 323.5060831
H = 106.4464590 345.7059561

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

** Tests two position vectors which are almost 100 deg apart *
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GAUSS Test Cases ( Continued

*7. BMW Example problem pg. 236

R1 = 0.5000000 0.6000000 0.7000000 1.0488088
R2 = 0.0000000 1.0000000 0.0000000 1.0000000

Delta time = 0.9668000 TU Long Way

V12 = -0.6309842 -1.1143338 -0.8833778 1.5557112
V22 = 0.1785764 1.5552874 0.2500069 1.5853429

Iterations:
0 Z y x tn vara upper lower
0 0.00000 3.86474 2.78020 1.05725 -1.284 0.00000-12.56637
1 -6.28319 5.48830 2.58271 0.91189 -1.284 0.00000 -6.28319
2 -3.14159 4.62581 2.67724 0.97812 -1.284 -3.14159 -6.28319
3 -4.71239 5.04384 2.62895 0.94330 -1.284 -3.14159 -4.71239
4 -3.92699 4.83159 2.65284 0.96030 -1.284 -3.14159 -3.92699

12 "-3.63553 4.75448 2.66183 0.96682 -1.284 -3.63553 -3.63860
13 -1.63707 4.75489 2.66179 0.96678 -1.284 "-3.63553 -3.63707
14 -3.63630 4.75468 2.66181 0.96680 -1.284 -3.63630 -3.63707

p = 0.0943930 0.0943930
a = -1.9481328 -1.9481328
e = 1.0239400 1.0239400
i = 125.5376778 125.5376778
Omega z 90.0000000 90.0000000
Argp = 207.8180879 207.8180879
Nu = 207.2866848 152.1819121
H = 10.5153135 9.8480705

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

** Tests Hyperbolic case with negative values of z **

6. BMW Example problem pg. 236

Rl = 0.5000000 0.6000000 0.7000000 1.0408088
R2 = 0.0000000 1.0000000 0.0000000 1.0000000

Delta time = 0.9668000 TU Short Way

V12 = -0.3616124 0.7697209 -0.5062574 0.9897123
V22 = -0.6018279 -0.0224179 -0.8425591 1.0356666

0 0.00000 0.23287 0.68246 0.67263 1.284 39.47842 0.00000
1 19.73921 3.14872 7.00602 23.47961 1.284 19.73921 0.00000
2 9.86960 2.04081 3.17970 5.09525 1.284 9.86960 0.00000
3 4.93480 1.24251 1.95412 2.40181 1.284 4.93480 0.00000
4 2.46740 0.76475 1.37366 1.50464 1.284 2.46740 0.00000
5 1.23370 0.50579 1.05940 1.09950 1.284 1.23370 0.00000

16 0.83311 0.41872 0.94768 0.96696 1.284 0.83311 0.83251
17 0.83281 0.41866 0.94759 0.96686 1.284 0.83281 0.83251
18 0.83266 0.41862 0.94755 0.96681 1.284 0.83266 0.83251

p 1.0721027 1.0721027
a = 1.0782895 1.0782895
e = 0.0757470 0.0757470
I = 54.4623222 54.4623222
Omega = 270.0000000 270.0000000
Argp z 197.8449338 197.8449338
flu z 287.0502935 342.1550662
H = 295.2054467 344.6774129

U z Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined
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GAUSS Test Cases ( Continued

9. BMW problem pg. 275 #5.llb

RI = 1.2000000 0.0000000 0.0000000 1.2000000
R2 = 0.0000000 2.0000000 0.0000000 2.0000000

Delta time = 10.0000000 TU Short Way

V12 = 0.7497686 0.7090867 0.0000000 1.0319675

V22 = -0.4254520 -0.4661339 -0.0000000 0.6311024

0 0.00000 1.00911 1.42064 2.03409 1.549 39.47842 0.00000

1 19.73921 4.52702 8.40060 39.84524 1.549 19.73921 0.00000

2 9.86960 3.20000 3.97384 9.12942 1.549 19.73921 9.86960

3 14.80441 3.95748 5.76812 18.23108 1.549 14.80441 9.86960

4 12.33701 3.60388 4.79715 12.81244 1.549 12.33701 9.86960

5 11.10330 3.40844 4.36982 10.80249 1.549 11.10330 9.86960

19 10.53909 3.31475 4.18513 10.00008 1.549 10.53909 10.53901
20 10.53905 3.31475 4.1$512 10.00003 1.549 10.53905 10.53901
21 10.53903 3.31474 4.18511 10.00000 1.549 10.53903 10.53901

p = 0.7240377 0.7240377
a = 1.6519309 1.6619309

= 0.7512253 0.7512253
= 0.0000000 0.0000000

Omega z Undefined Undefined
Argp = Undefined Undefined
Nu = 121.8693704 211.8693704
H = 28.2972591 295.7231038

U = Undefined Undefined
L = Undefined Undefined
Cappi = 238.1306296 238.1306296

*10. BMW problem pg. 275 #5.lld

Ri = 4.0000000 0.0000000 0.0000000 4.0000000
R2 = -2.0000000 0.0000000 0.0000000 2.0000000

Delta time = 10.0000000 TU Short Way

V12 = 0.00000U0 0.0000000 0.0000000 0.0000000
V22 = 0.0000000 0.0000000 0.0000000 0.0000000

Iterations:
z y x tn vara upper lower

None.

p = Undefined Undefined
a = Undefined Undefined
e = Undefined Undefined
I = Undefined Undefined
Omega = Undefined Undefined
Argp = Undefined Undofined

Nu = Undefined Undefined
H = Undefined Undefined

U = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

•* NOT POSSIBLE since the vectors are Co-linear, i.e. Nu Pi **
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GAUSS Test Cases ( Continued

ll. B1W problem pg. 275 15.lle

R1 = 2.0000000 0.0000000 0.0000000 2.0000000
R2 = -2.0000000 -0.2000000 0.0000000 2.0099751

Delta time = 20.0000000 TU Long Way

V12 , 0.3083363 0.7157383 -0.0000000 0.7793283
V22 = 0.3778475 -0.6779535 0.0000000 0.7761377

0 0.00000 4.20973 2.90163 3.78189 -0.141 39.47842 0.00000
1 19.73921 3.88899 7.78614 28.82271 -0.141 19.73921 0.00000
2 9.86960 4.00998 4.44842 8.63618 -0.141 19.73921 9.86960
3 14.80441 3.94091 5.75603 14.77378 -0.141 19.73921 14.80441
4 17.27181 3.91295 6.65020 20.22782 -0.141 17.27181 14.00441

20''17.18766 3.91384 6.61618 20.00007 -0.141 17.18766 17.18762
21 17.18764 3.91384 6.61617 20.00002 -0.141 17.18764 17.18762
22 17.18763 3.91384 6.61617 19.99999 -0.141 17.18764 17.18763

p 2.0491252 2.0491252
a 2.5468139 2.5468139
e = 0.4420591 0.4420591
i = 0.0000000 0.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = 86.8147745 272.5253677
M = 38.8020471 320.7420307

U = Undefined Undefined
L = Undefined Undefined
Cappi = 273.1852255 273.1852255

*12. BMW problem pg. 274 *5.8

Ri = 1.0000000 0.0000000 0.0000000 1.0000000
R2 = 1.0000000 1.0000000 1.0000000 1.7320508

Delta time = 1.0922000 TU Short Way

V12 = 0.3628742 1.0086839 1.0086839 1.4719253
V22 = -0.2095055 0.7991784 0.7991784 1.1494628

0 0.00000 0.39451 0.88827 1.15499 1.653 0.00000-12.56637
1 -1.12642 0.05758 0.32393 0.40261 1.653 0.00000 -1.12642
2 -0.56321 0.22800 0.65969 0.83846 1.653 0.00000 -0.56321
3 -0.28161 0.31174 0.78042 1.00322 1.653 0.00000 -0.28161
4 -0.14080 0.35325 0.83562 1.08032 1.653 0.00000 -0.14080
5 -0.07040 0.37391 0.86223 1.11792 1.653 -0.07040 -0.14080

12 '0.11625 0.35987 0.84421 1.09243 1.653 -0.11825 -0.11880
13 -0.11853 0.35979 0.84411 1.09228 1.653 -0.11853 -0.11880
14 -0.11866 0.35975 0.84405 1.09221 1.653 -0.11866 -0.11880

p 2.0348865 2.0348865

a -6.0036903 -6.0036903
e 1.1571254 1.1571254
! 45.0000000 45.0000000
Omega 0.0000000 0.0000000
Argp 333.4263200 333.4263200
Nu 26.5736800 81.3092903
M4 1.1720949 5.4261265

U Undefined Undefined
L Undefined Undefined
Cappi Undefined Undefined

** Tests Hyperbola and lower bounds on a negative iteration **
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GAUSS Test Cases ( Continued

*13. BMW problem pg. 274 #5.10 0
RL = 1.O00O00 0.0000000 0.0000000 1.0000000
R2 = 1.00CO000 0.1250000 0.1250000 1.0155046

Delta time = 0.1250000 TU Short Way

V12 = 0.0618607 1.0025629 1.0025629 1.4191869
V22 = -0.0609162 0.9949464 0.9949484 1.4083875

Iterationst
# Z y x tn vara upper lower
0 0.00000 0.00777 0.12464 .12544 1.420 0.00000-12.56637
1 -0.03070 0.00006 0.01071 0.01076 1.420 0.00000 -0.03070
2 -0.01535 0.00391 0.08842 0.08693 1.420 0.00000 -0.01535
3 -0.00768 0.00584 0.10805 0.10871 1.420 0.00000 -0.00768
4 -0.00384 0.00680 0.11664 0.11737 1.420 0.00000 -0.00384
5 -0.00192 0.00729 0.12070 0.12147 1.420 0.00000 -0.00192

11 -0.00021 0.00771 0.12421 0.12502 1.420 -0.00021 -0.00024
12 -0.00022 0.00771 0.12418 0.12498 1.420 -0.00021 -0.00022
13 -0.00022 0.00771 0.12420 0.12500 1.420 -0.00021 -0.00022

p 2.0102648 2.0102648
a -70.9646068 -70.9646068
e 1.0140649 1.0140649

45.0000000 45.0000000
Omega 0.0000000 0.0000000
Argp 335.0381799 355.0381799
Nu 4.9618201 14.9868079
H 0.0058393 0.0178196

U Undefined Undefined
L Undefined Undefined
Cappi Undefined Undefined

•* Tests first guess too close and solution near zero *

14. A423 test case

Ri = 1.0500000 0.0000000 0.0000000 1.0500000
R2 = -3.2500000 2.6037000 0.0000000 4.1643431

Delta time 2.0000000 TU Short Way

V12 Z -1.7964252 1.9359850 0.0000000 2.6410569
V22 = -2.1040017 1.0601246 0.0000000 2.3559897

Iterations:
* Z y x tn vara upper lower
0 0.00000 3.82866 2.76719 5.44876 0.980 0.00000-12.56637
1 -6.28319 2.58977 1.77414 2.84747 0.980 -6.28319-12.56637
2 -9.42478 1.84751 1.33487 1.96246 0.980 -6.28319 -9.42478
3 -7.85398 2.22959 1.55259 2.38257 0.980 -7.85398 -9.42478
4 -8.63938 2.04134 1.44353 2.16772 0.980 -8.63938 -9.42478
5 -9.03208 1.94513 1.38919 2.06399 0.980 -9.03208 -9.42478

13 -9.27905 1.88390 1.35503 1.99989 0.980 -9.27752 -9.27905
14 -9.27828 1.88409 1.35514 2.00009 0.980 -9.27828 -9.27905
15 -9.27867 1.88399 1.35508 1.99999 0.980 -9.27828 -9.27867

p = 4.1322119 4.1322119
a = -0.1972223 -0.1972223
a = 4.6853013 4.6853013

= 0.0000000 0.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = 308.7939154 90.0943554
H = 196.7341763 30.3576180

U = Undefined Undefined
L = Undefined Undefined
Cappi = 51.2060846 51.2060046
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GAUSS Test Cases ( Continued

15. A423 Test Case

R1 = 1.0500000 0.0000000 0.0000000 1.0500000
R2 = 0.0000000 0.9000000 0.0000000 0.9000000

Delta tLime = 35.0000000 TU Short Way

V12 = 1.1418714 0.5381541 0.0000000 1.2623312
V22 = -0.6278465 -1.2315637 -0.0000000 1.3823677

Iterations:
Z y x tn vara upper lower

0 0.00000 0.57523 1.07259 0.94295 0.972 39.47842 0.00000
1 19.73921 2.78270 6.58624 19.23557 0.972 39.47842 19.73921
2 29.60881 3.20479 16.85862 185.74593 0.972 29.60881 19.73921
3 24.67401 3.03779 10.01135 50.28323 0.972 24.67401 19.73921
4 22.20661 2.92211 8.05544 30.19576 0.972 24.67401 22.20661
5 23.44031 2.98281 8.95836 38.63162 0.972 23.44031 22.20661

22"'22.95547 2.95965 8.58749 35.00001 0.972 22.95547 22.95546
23 22.95546 2.95965 8.58749 34.99998 0.972 22.95547 22.95546
24 22.95547 2.95965 8.58749 34.99999 0.972 22.95547 22.95547

p = 0.3192949 0.3192949
a = 3.2125232 3.2125232
a = 0.9490044 0.9490044
i 0.0000000 0.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = 137.1641835 227.1641835
H = 6.4927409 354.7668629

U M Undefined Undefined
L = Undefined Undefined
Cappl = 222.8358165 222.8358165

16. A423 Test Case

RI = 1.0500000 0.0000000 0.0000000 1.0500000
R2 = -3.2500000 2.6037000 0.0000000 4.1643431

Delta time a 10.0000000 TU Short Way

V12 = 0.2035271 1.2213287 0.0000000 1.2381709
V22 = -0.2840267 -0.1670384 -0.0000000 0.3295042

Iterations:
# z y x tn vara upper lower
0 0.00000 3.82866 2.76719 5.44876 0.980 39.47842 0.00000
1 19.73921 6.05365 9.71433 58.92834 0.980 19.73921 0.00000
2 9.86960 5.21434 5.07265 15.46269 0.980 9.86960 0.00000
3 4.93480 4.59908 3.75957 9.01247 0.980 9.86960 4.93480
4 7.40220 4.92488 4.36568 11.72713 0.980 7.40220 4.93460
5 6.16850 4.76667 4.05153 10.26622 0.980 6.16850 4.93480

19 5.92160 4.73389 3.99141 9.99998 0.980 5.92167 5.92160
20 5.92163 4.73389 3.99142 10.00002 0.980 5.92163 5.92160
21 5.92162 4.73389 3.99141 10.00000 0.980 5.92162 5.92160

p 1.6445373 1.6445373
a 2.6903791 2.6903791
o = 0.6234854 0.6234854
i = 0.0000000 0.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = 24.7473677 166.0478077
H 4.5968877 134.4351016
U = Undefined Undefined
L = Undefined Undefined

Cappi = 335.2526323 335.2526323
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PKEPLER Text Cases
1. A423 test case
Initial Target location

Ro = -3.25000000 2.60370000 0.00000000 4.16434313
Vo = -0.30640000 -0.38240000 0.00000000 0.49001094

Dt 10.0000000000000 TU

Final Target location :

R2 = -3.65171978 -2.00172677 0.00000000 4.16436879

V2 = 0.23556336 -0.42967158 0.00000000 0.49000792

p = 4.16394100 4.16394100
a - 4.16394100 4.16394100
0 0.00011993 0.00011993
I = 0.00000000 0.00000000

Omega 
= ************'* * *,*******

Argp =************* **************
Nuo = 143.63583857 211.05887378
H = 143.62768933 211.06596478

U * *,*****t****
L = **************
CapPi 357.66460145 357.67091704

----------- GAUSS-----------

Interceptor Position
Rl = 1.05000000 0.00000000 0.00000000 1.05000000

Final Target Position
r,2 = -3.65171978 -2.00172677 0.00000000 4.16436879

Delta time 10.0000000000000 Short Way

Iterations :

Z y x tn vara Upper z Lower z

0 0.00000 4.17679 2.89026 5.52343 0.73368 39.47842 0.00000
1 19.73921 5.84283 9.54368 55.36444 0.73368 19.73921 0.00000

2 9.86960 5.21437 5.07266 14.90071 0.73368 9.66960 0.00000

3 4.93480 4.75367 3.82223 8.86219 0.73368 9.86960 4.93480

4 7.40220 4.99762 4.39711 11.40528 0.73368 7.40220 4.93490
5 6.16850 4.87916 4.09906 10.03697 0.73366 6.16850 4.93480

6 5.55165 4.81731 3.95806 9.42764 0.73368 6.16850 5.55165

7 5.86008 4.84845 4.02790 9.72656 0.73368 6.16850 5.06008
8 6.01429 4.86386 4.06331 9.88030 0.73368 6.16850 6.01429

9 6.09140 4.87152 4.08114 9.95826 0.73368 6.16850 6.09140
10 6.12995 4.87534 4.09009 9.99752 0.73368 6.16850 6.12995
11 6.14923 4.87725 4.09457 10.01722 0.73360 6.14923 6.12995
12 6.13959 4.87630 4.09233 10.00737 0.73368 6.13959 6.12995

13 6.13477 4.87582 4.09121 10.00244 0.73368 6.13477 6.12995
14 6.13236 4.87558 4.09065 9.99998 0.73368 6.13477 6.13236

15 6.13356 4.87570 4.09093 10.00121 0.73368 6.13356 6.13236

16 6.13296 4.87564 4.09079 10.00060 0.73368 6.13296 6.13236

17 6.13266 4.87561 4.09072 10.00029 0.73368 6.13266 6.13236

18 6.13251 4.87560 4.09069 10.00014 0.73368 6.13251 6.13236

19 6.13243 4.87559 4.09067 10.00006 0.73368 6.13243 6.13236

20 6.13240 4.87559 4.09066 10.00002 0.73368 6.13240 6.13236

21 6.13238 4.87558 4.09065 10.00000 0.73368 6.13238 6.13236

Transfer orbit velocities t

Vlt 0.10732319 -1.23562515 0.00000000 1.24027730

V2t = -0.26316944 0.21102745 0.00000000 0.33732883

p 2.72870561 2.72870561
a 2.72870561 2.72870561
e 0.61897296 0.61897296

180.00000000 180.00000000
Omegd *********t** **********

Argp =***********t **************
Nuo = 13.00030198 164.27051036
H 2.41894132 129.53127945
U ****** ** ***t,,**,***
L ******t*** t*********%
CapPi 346.99969802 346.99969802

If the velocity of the Interceptor is

Vl = 0.00000000 0.97590000 0.00000000 0.97590000

DeltaV1 =Vlt - V1 z 0.10732319 -2.21152515 0.00000000 2.21412776

DeItaV2 = V! - V2t = 0.49873280 -0.64069902 0.00000000 0.81192958
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PKEPLER Test Cases ( Continued
2. A423 test case
Initial Target location

Ro = -3.25000000 2.60370000 0.00000000 4.16434313
Vo = -0.30640000 -0.38240000 0.00000000 0.49001094

Dt = 2.00000000000000 TU

Final Target location :

R2 = -3.76764653 1.77400005 0.00000000 4.16440110

V2 = -0.20875833 -0.44331027 0.00000000 0.49000412

p 4.16394100 4.16394100
a 4.16394100 4.16394100
e 0.00011993 0.00011993
I 0.00000000 0.00000000
Omega 

=
************* ********e*****

Argp =************** *************
Nuo = 143.63583857 157.12068816
4 = 143.62768933 157.11534442
U = **********, ,********
L ************** **********i**
CapPi 357.66460145 357.66586473

----------- GAUSS-----------
Interceptor Position

RI = 1.05000000 0.00000000 0.00000000 1.05J0000

Final Target Position
R2 = -3.76764653 1.77400005 0.00000000 4.16440110

Delta time 2.00000000000000 Short Way

Iterations :

Z y x tn vara Upper a Lower z
0 0.00000 4.30161 2.93313 5.54438 0.64544 0.00000 -12.56637
1 -6.28319 3.48552 2.05822 3.18899 0.64544 -6.28319 -12.56637
2 -9.42478 2.99657 1.70004 2.42000 0.64544 -9.42478 -12.56637
3 -10.99557 2.72987 1.53469 2.10002 0.64544 -10.99557 -12.56637
4 -11.78097 2.59072 1.45474 1.95208 0.64544 -10.99557 -11.78097
5 -11.38827 2.66079 1.49451 2.02546 0.64544 -11.38827 -11.78097
6 -11.58462 2.62588 1.47458 1.9893 0.64544 -11.36827 -11.58462
7 -11.48645 2.64336 1.48453 2.00714 0.64544 -11.48645 -11.56462
8 -11.53554 2.63463 1.47955 1.99802 0.64544 -11.48645 -11.53554
9 -11.51099 2.63900 1.48204 2.00257 0.64544 -11.51099 -11.53554

10 -11.52326 2.63681 1.48080 2.00029 0.64544 -11.52326 -11.53554
11 -11.52940 2.63572 1.48017 1.99916 0.64544 -11.52326 -11.52940
12 -11.52633 2.63627 1.48049 1.99973 0.64544 -11.52326 -11.52633

13 -11.52480 2.63654 1.48064 2.00001 0.64544 -11.52400 -11.52633
14 -11.52556 2.63640 1.48056 1.99987 0.64544 -11.52480 -11.52556
15 -11.52518 2.63647 1.48060 1.99994 0.64544 -11.52400 -11.52518
16 -11.52499 2.63651 1.48062 1.99997 0.64544 -11.52400 -11.52499
17 -11.52489 2.63652 1.48063 1.99999 0.64544 -11.52400 -11.52489

Transfer orbit velocities :

VIt =  -2.08117693 1.69270886 0.00000000 2.68264062
V2t = -2.32085567 0.62103856 0.00000000 2.40251117

p = -0.18897166 -0.18897166
a -0.18897166 -0.18897166
• = 4.20910234 4.20910234
1 0.00000000 0.00000000
Omega =*******C**h** ******* *

Argp = ****,,,t****** *************
Nuo = 298.50180289 93.28835579

k, M = 230.01866192 1161.08942741
U = ****** *** ********e***e
L ****** *** **********e
CapPi 61.49819711 61.49819711

If the velocity of the interceptor Is

Vl = 0.00000000 0.97590000 0.00000000 0.97590000

DeltaVi =Vlt - Vl = -2.08117693 0.71680886 0.00000000 2.20116159

DeltaV2 = V2 - V2t = 2.11209734 -1.06434883 0.00000000 2.36512021
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PKEPLER Test Cases ( Continued
3. A423 test case
Initial Target location i

Ro = -3.25000000 2.60370000 0.00000000 4.16434313

Vo = -0.30640000 -0.38240000 0.00000000 0.49001094

Dt= 35.0000000000000 TU

Final Target location :

R2 = 3.97397194 1.24178724 0.00000000 4.16347073

V2 = -0.14616128 0.46781218 0.00000000 0.49011361

p = 4.16394100 4.16394100
a = 4.16394100 4.16394100
* - 0.00011993 0.00011993
S = 0.00000000 0.00000000

Omega 
= ************** *********

Argp ************** **************
Nuo = 143.63583857 19.66627822
H = 143.62768933 19.66165341

U **********t*** ***********
L ***********e ************
CapPi 357.66460145 357.68670180

----------- GAUSS-----------
Interceptor Position

R1 = 1.05000000 0.00000000 0.00000000 1.05000000
Final Target Position

R2 = 3.97397194 1.24178724 0.00000000 4.16347073

Delta time = 35.0000000000000 Short Way

Iterations :

Z y x tn vara Upper z Lower z

0 0.00000 1.07963 1.46944 3.56604 2.92307 39.47842 0.00000
1 19.73921 7.71734 10.96827 89.47046 2.92307 19.73921 0.00000

2 9.86960 5.21347 5.07222 19.89619 2.92307 19.73921 9.86960
3 14.80441 6.64271 7.47304 40.47799 2.92307 14.80441 9.86960
4 12.33701 5.97553 6.17712 28.22152 2.92307 14.80441 12.33701

5 13.57071 6.32058 6.79714 33.73129 2.92307 14.80441 13.57071

6 14.18756 6.48446 7.12753 36.92987 2.92307 14.18756 13.57071

7 13.87913 6.40323 6.96052 35.28964 2.92307 13.87913 13.57071

8 13.72492 6.36208 6.87839 34.50055 2.92307 13.87913 13.72492

9 13.80202 6.38270 6.91934 34.89258 2.92307 13.87913 13.80202

10 13.84058 6.39298 6.93990 35.09048 2.92307 13.84058 13.80202

11 13.82130 6.38784 6.92962 34.99137 2.92307 13.84058 13.82130

12 13.83094 6.39041 6.93476 35.04088 2.92307 13.83094 13.82130

13 13.82612 6.38913 6.93219 35.01612 2.92307 13.82612 13.82130
14 13.82371 6.38848 6.93090 35.00374 2.92307 13.82371 13.82130

15 13.82251 6.38816 6.93026 34.99756 2.92307 13.82371 13.82251

16 13.82311 6.38832 6.93058 35.00065 2.92307 13.82311 13.82251

17 13.82281 6.38824 6.93042 34.99910 2.92307 13.82311 13.82281

18 13.82296 6.38828 6.93050 34.99988 2.92307 13.82311 13.82296

19 13.82303 6.38830 6.93054 35.00026 2.92307 13.82303 13.82296

20 13.82300 6.38829 6.93052 35.00007 2.92307 13.82300 13.82296

21 13.82298 6.38829 6.93051 34.99997 2.92307 13.82300 13.82298

22 13.82299 6.38829 6.93052 35.00002 2.92307 13.82299 13.82298

23 13.82298 6.38829 6.93051 35.00000 2.92307 13.82299 13.82298

Transfer orbit velocities :

Vlt= 1.26044599 0.16808010 0.00000000 1.27160333
V2t = -0.42955162 -0.08981634 0.00000000 0.43884117

p - 3.47479351 3.47479351

a - 3.47479351 3.47479351 "4
e ' .99550811 0.99550811
1 = 0.00000000 0.00000000
Omega = , ****** **t ********

Argp =*********** ******C*******
Nuo = 167.08810965 184.44109668
M = 4.81579179 314.41306557
U ,

L **t*,**** ********,*****
CapPi 192.91189035 192.91189035

It the velocity of the Interceptor is
V1 = 0.00000000 0.97590000 0.00000000 0.97590000

DeltaVl =Vlt - VI = 1.26044599 -0.80781990 0.00000000 1.49709622

DeltaV2 = V2 - V2t = 0.28339034 0.55762852 0.00000000 0.62550751



IJKtoLatLons

I j k
r = 1.125 0.784 1.372 DU JD = 2446066.7835

Geocentric Latitude = 44.923Longitude = -168.059

SUN
Date Time Rt Asc Declination xy z Magnitude

7 Mar 1960 0: O 0.00 347.5098316 -5.3581087 0.9647718 -0.2137111 -0.0926796 0.9924951

1 Jan 1987 0% 01 0.00 280.9058053 -23.0621533 0.1711689 -0.8883825 -0.3851906 0.9833077
0.1742717 -0.8878979 -0.3849824 0.9833335

14 May 1987 0: Os 0.00 50.2799618 18.4437210 0.6126212 0.7373809 0.3197175 1.0105714
50.2831665 18.4464166 0.6099669 0.7391757 0.3204954 1.0105234

7 Dec 1987 0: 0 0.00 253.0019878 -22.5209713 -0.2660578 -0.8703439 -0.3773668 0.9852365
-0.2632428 -0.8710383 -0.3776657 0.9852085

1 Jan 1988 0 0 0.00 280.6376087 -23.0804049 0.1669865 -0.0890567 -0.3854802 0.9833114
0.1698618 -0.6885706 -0.3852661

7 Jan 1989 Os 01 0.00 288.0699572 -22.4012346 0.2019902 -0.8642844 -0.3747367 0.9833278
288.0718324 -22.4032777 0.2546084 -0.8635956 -0.3744404

7 Sep 1989 0 Ot 0.00 165.5883823 6.1590506 -0.9703890 0.2493633 0.1081185 1.0077333
165.5914994 6.1581388 -0.9711011 0.2470317 0.1071008

27 Oct 1989 0 0: 0.00 211.3147039 -12.6993087 -0.8282793 -0.5038929 -0.2184768 0.9938244
211.3141660 -12.7006667 -0.8269128 -0.5058353 -0.2193263

MOON
Date Time Rt Asc Declination x y x Magnitude

7 Mar 1960 01 0. 0.00 93.2827108 18.1740408 -3.4450973 60.0642320 19.7498143 63.3200725

1 Jan 1987 0 0: 0.00 295.0571035 -26.4619655 21.3030552 -45.5659292 -25.0362158 56.1849453

14 May 1987 0: 0: 0.00 235.9616350 -23.6405903 -29.4768585 -43.6361320 -23.0509295 57.4838850
235.8341659 -23.6722222

7 Dec 1987 0 0 0.00 93.8507651 21.3624008 -3.6947803 54.8920738 29.6995740 62.5192520
93.8729164 21.391389

1 Jan 1988 Os 0: 0.00 62.0701366 25.7416698 26.0736204 49.1824943 26.8396283 61.7977078

1 Jan 1989 O 0: 0.00 196.2814860 -10.6881272 -59.4985477 -17.3777252 -11.6987324 63.0785260
196.3591660 -10.7161111

7 Sep 1989 0 Os 0.00 235.0997646 -24.9140899 -32.7168135 -46.8980417 -26.6446131 63.0840945
235.0529159 -24.9547222

27 Oct 1989 0: 0 0.00 183.1465367 -4.9906999 -63.1781196 -3.4730719 -5.5253C44 63.5142858
183.1216661 -4.9911111

* Astronomical Almanac Values

',NRiseSet
]Date Day Mon Yr Lat SunRise Sunset

hr min hr min
2448258.5 2 Jan 91 40.0 7 22 16 46
2448430.5 23 Jun 91 40.0 4 32 19 33
2448430.5 23 Jun 91 64.0 1 31 22 33
2448438.5 1 Jul 91 -55.0 8 26 15 41
2448614.5 24 Doc 91 40.0 7 19 16 39

C-31



MISC ZCBM Test Cases

PATH and RNGAZ Test Cases

0.0000000 0.0000000 1000.0000000 169.8570000 -8.8416236 1.5946625
0.0000000 0.0000000 0.0000000 169.8570000 0.0000000 0.0000000
0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000
0.0000000 0.0000000 10.0000000 0.0000000 0.0898315 0.0000000
0.0000000 0.0000000 10.0000000 90.0000000 -0.0000000 0.0898315
0.0000000 0.0000000 10.0000000 180.0000000 -0.0898315 0.0000000
0.0000000 0.0000000 10.0000000 270.0000000 0.0000000 359.9101685
0.0000000 0.0000000 1536.8540000 270.0000000 0.0000000 346.1942054
0.0000000 0.0000000 6370.0000000 270.0000000 0.0000000 302.7773155
0.0000000 0.0000000 6370.0000000 180.0000000 -57.2226845 0.0000000
0.0000000 0.0000000 6370.0000000 90.0000000 -0.0000000 57.2226845
0.0000000 0.0000000 6370.0000000 0.0000000 57.2226845 0.0000000
0.0000000 0.0000000 $000.0000000 0.0000000 71.8652238 0.0000000
0.0000000 0.0000000 8000.0000000 90.0000000 -0.0000000 71.8652238
0.0000000 0.0000000 8000.0000000 180.0000000 -71.8652238 360.0000000
0.0000000 0.0000000 8000.0000000 270.0000000 0.0000000 288.1347762

-20.0000000 0.0000000 8000.0000000 270.0000000 -6.1109959 287.1068112
-20.0000000 0.0000000 6000.0000000 270.0000000 -11.6259897 304.4213918
-20.0000000 0.0000000 6000.0000000 180.0000000 -73.8989179 0.0000000
-20.0000000 0.0000000 6000.0000000 90.0000000 -11.6259897 55.5706082
-20.0000000 0.0000000 6000.0000000 90.0000000 -11.6259897 55.5786082
-20.0000000 0.0000000 6000.0000000 0.0000000 33.8989179 0.0000000

30.0000000 0.0000000 6000.0000000 0.0000000 83.8989179 0.0000000
30.0000000 O.OOGOOOO 6000.0000000 90.0000000 17.1339014 57.7258837
30.0000000 0.0000000 6000.0000000 180.0000000 -23.8989179 0.0000000
30.0000000 0.0000000 6000.0000000 270.0000000 17.1339014 302.2741163

86.0000000 0.0000000 6000.0000000 270.0000000 35.9993679 272.9120869
86.0000000 0.0000000 6000.0000000 180.0000000 32.1010821 0.0000000
86.0000000 0.0000000 6000.0000000 270.0000000 35.9993679 272.9120869
86.0000000 0.0000000 6000.0000000 90.0000000 35.9993679 87.0879131
86.0000000 -100.0000000 6000.0000000 S-0.0000000 35.9993679 347.0879131
86.0000000 -100.0000000 6000.0000000 0.0000000 40.1010821 80.0000000
86.0000000 -100.0000000 6000.0000000 180.0000000 32.1010821 260.0000000
86.0000000 -100.0000000 6000.0000000 270.0000000 35.9993679 172.9120869
86.0000000 140.0000000 6000.0000000 270.0000000 35.9993679 52.9120869
86.0000000 140.0000000 6000.0000000 180.0000000 32.1010821 140.0000000
86.0000000 140.0000000 6000.0000000 90.0000000 35.9993679 227.087913186.0000000 140.0000000 6000.0000000 0.0000000 40.1010821 320.0000000

GEOCENTRIC and IHVGEOCENTRIC Test Cases

Geocentric Latitude Dog Geodetic Latitude Dog

-20.0000 0.0000
0.0000
10.0000
20.0000
50.0000
70.0000
90.0000

TRAJEC Test Cases

Alt of burnout 0.0 ft
Latitudes Longitudes Q Type Trajectory
47.3000000 -111.1600000 0.870000 High
43.3000000 61.0000000
89.3649491 9948.0604758 Range in deg and km
34.6748938 Flight Path Angle dog
42.7266242 Time of Flight min

357.9239768 Azimuth dog
-136.2692682 4.2029324 2.4294622 Influence Coefficients

7.3897206 Needed velocity km/s

47.3000000 -111.1600000 0.870000 Low
43.3000000 61.0000000
89.3907074 9950.9278763 Range In da and km
10.6511053 Flight Path Angle dog
25.4576416 Time of Flight min
1.0690019 Azimuth dig

350.6706321 10.8307851 6.2606248 Influence Coefficients
7.3745838 Needed velocity km/s f



PREDICT TEST Cases

Epoch Data t Site Data : Time Data
2447776.500 76.570 Latitude 2447826.50

12.53536954 n rev/day -68.270 Longitude 2900.00 min
0.00243456 ndot rev/2day2 2519.685 Altitude ft 2.00 min
0.1604069 e

-0.000232 edot /day
74.4536 t
325.0201 omega dog
-1.8465 omega dot dog/day
324.6788 argp dog
-4.5783 argp dot dog/day
36.84884 M dog

NOTE1I These results are produced using the Dot terms above. If the user
calculates their own terms, secular, 32 only, the values will differ
substantially.

Universal
Results: Range km Az 21 3D Hr Min Sac
Eye 1859.5720 267.10873 0.30459 2447826.5000000 27 Oct 1989 0: 0: 0.00
Eye 926.2845 259.58111 10.93659 2447826.5013889 27 Oct 1989 0:1,60.00
Radar Nite 339.4721 161.27447 39.40792 2447826.5027778 27 Oct 1989 0 3:60.00
Radar Nite 1121.4410 107.98459 6.52213 2447826.5041667 27 Oct 1989 0: 5:60.00

Radar Nite 1102.1904 276.54812 6.96616 2447826.5805556 27 Oct 1989 l155:60.00
Radar Nite 527.8062 212.73884 22.42525 2447826.5819444 27 Oct 1989 l157:60.00
Radar Nits 1110.4456 149.72838 7.27938 2447826.5833333 27 Oct 1989 1:59:60.00

Radar Nits 1360.2813 281.27566 3.29773 2447826.6597222 27 Oct 1989 3:49:60.00
Radar Nita 1052.6357 235.28395 7.84189 2447826.6611111 27 Oct 1989 3:51:60.00
Radar Nite 1500.7202 194.69278 3.08922 2447826.6625000 27 Oct 1989 3:53:60.00

Eye 1886.4860 208.55513 1.10362 2447827.3597222 27 Oct 1989 20:37:60.00
Eye 1042.6527 190.39413 9.95337 2447827.3611111 27 Oct 1989 20:39:60.00
Eye 680.8354 123.13483 16.93138 2447827.3625000 27 Oct 1989 20:41:60.00
Radar Nita 1312.6665 77.08573 3.86010 2447827.3638889 27 Oct 1989 20:43:60.00

Eye 1841.6349 246.99227 0.43637 2447827.4388889 27 Oct 1989 22:31:60.00
Eye 914.5342 237.96272 11.15685 2447827.4402778 27 Oct 1989 22:33:60.00
Radar Nits 373.8777 141.10461 34.85709 2447827.4416667 27 Oct 1989 22:35:60.00
Radar Nite 1152.6843 90.65242 6.09610 2447827.4430556 27 Oct 1989 22:37:60.00

Eye 1027.5726 267.99792 8.15068 2447827.5194444 28 Oct 1989 0:27:60.00
Radar Nite 354.0547 193.22169 37.15572 2447827.5208333 28 Oct 1989 0:29:60.00
Radar Nite 1039.8861 120.66774 8.51512 2447827.5222222 28 Oct 1989 0:31:60.00

Radar Hite 1198.6142 279.81762 5.30112 2447827.5986111 28 Oct 1989 2:21:60.00
Radar Nite 670.7525 224.68996 17.03599 2447827.6000000 28 Oct 1989 2:23:60.00
Rddar Nito 1161.3700 166.35389 7.62851 2447827.6013889 20 Oct 1989 2t25:60.00

Radar Nita 1489.1514 282.25136 2.06140 2447827.6777778 28 Oct 1989 4:15:60.00
Radar Nite 1282.9142 241.62790 5.37061 2447827.6791667 28 Oct 1989 4:17:60.00
Radar Nite 1715.6553 207.31945 1.98473 2447827.6805556 28 Oct 1989 4:19860.00

Eye 1672.9835 220.33454 1.66571 2447828.3777778 28 Oct 1089 21: 3:60.00
Eye 812.2532 199.89954 13.10451 2447828.3791667 28 Oct 1989 21: 5:60.00
Eye 627.2100 110.81914 17.87177 2447828.3805556 28 Oct 1989 21: 7:60.00
Radat Nite 1419.3929 77.37957 2.93510 2447828.3819444 28 Oct 1989 21: 9:60.00

Eye 1682.0727 256.64734 0.75375 2447828.4569444 28 Oct 1989 22:57:60.00
Eye 755.2339 246.17602 13.81707 2447828.4583333 28 Oct 1989 22:59:60.00
Radar Nite 431.7184 124.77448 29.32401 2447828.4597222 28 Oct 1989 23: 1:60.00
Radar Nita 1297.7978 96.46179 5.07336 2447828.4611111 28 Oct 1989 23: 360.00

Radar Nite 880.3825 268.53985 10.67522 2447828.5375000 29 Oct 1989 0:53:60.00
Radar Nita 468.2274 174.96352 28.18420 2447828.5388889 29 Oct 1989 0t55:60.00
Radar Nite 1240.7851 130.96218 7.02184 2447828.5402778 29 Oct 1989 0:57:60.00

Radar Nite 1106.6630 273.05680 7.07086 2447828.6166667 29 Oct 1989 2:47:60.00
Radar Nite 881.1470 214.51822 13.07541 2447828.6180556 29 Oct 1989 2:49:60.00
Radar Nite 1480.5495 175.31319 5.24977 2447828.6194444 29 Oct 1989 2s51:60.00

Radar Nite 1549.6968 273.81067 2.29647 2447828.6958333 29 Oct 1989 4:41%60.00
Radar Nite 1610.6864 237.78891 3.14410 2447828.6972222 29 Oct 1989 4:43:60.00
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PREDICT TOST Cases Continued

Epoch Data t Site Data i Time Data
2447610.6917756 39.004 Latitude 2447616.50

15.65140042 n rev/day -104.883 Longitude 2900.00 min
0.00057550 ndot rev/2day2 7219.000 Altitude ft 2.00 min
0.0018756 e
-0.0000489 edot /day
51.6244 1
72.1636 omega deg
-5.0693 omega dot dog/day
32.7752 argp dog
3.7850 argp dot deg/day

327.44680 4 dog

FOR Soviet Space Station MIR
GMT Time

Results: Range km A2 E1 JD Hr Min Sec
Radar Sun 1557.3661 0.00000 0.00000 2447616.5083333 31 Mar 1989 0:11:60.00
Radar Sun 776.7879 0.00000 0.00000 2447616.5097222 31 Mar 1989 0:13:60.00
Radar Sun 506.6204 0.00000 0.00000 2447616.5111111 31 Mar 1989 0:15s60.00
Radar Sun 1178.9451 0.00000 ,0.00000 2447616.5125000 31 Mar 1989 0:17s60.00
Radar Sun 1995.5339 0.00000 0.00000 2447616.5138889 31 Mar 1989 0:19:60.00

Eye 2019.2227 287.96247 1.67614 2447616.5750000 31 Mar 1989 1:47:60.00
Eye 1453.7324 310.03127 8.47978 2447616.5763889 31 Mar 1989 l:49:60.00
Eye 1255.2476 347.80567 11.85527 2447616.5777778 31 Mar 1989 ls5160.00
Eye 1572.0784 22.20823 6.90497 2447616.5791667 31 Mar 1989 ls5360.00
Eye 2187.1330 40.91777 0.23711 2447616.5805556 31 Mar 1989 1455s60.00

Eye 1864.8792 324.44752 3.38990 2447616.6430556 31 Mar 1989 3s25:60.00
Eye 1523.1576 352.34685 7.61578 2447616.6444444 31 Mar 1989 3:2760.00
Radar . ze 1604.4964 25.37638 6.53800 2447616.6458333 31 Mar 1989 3:29360.00
Radar Nite 2058.2538 49.08307 1.47832 2447616.6472222 31 Mar 1989 3:31:60.00

Radar Mite 1784.0513 325.84264 4.34185 2447616.7097222 31 Mar 1989 5: l160.00
Radar Nite 1203.1874 351.09300 13.03254 2447616.7111111 31 Mar 1989 51 3s60.00
Radar Mite 1072.8630 37.95255 15.94504 2447616.7125000 31 Mar 1989 51 5:60.00
RAdar Mite 1516.2363 72.78209 7.76330 2447616.7138889 31 Mar 1989 5s 7t60.00
Radar Nite 2207.4577 88.46757 0.07867 2447616.7152778 31 Mar 1989 5: 9160.00

Radar NIte 1529.2055 305.01187 7.58127 2447616.7763889 31 Mar 1989 6:37:60.00 0
Radar Mite 733.4920 298.41502 27.84168 4447616.7777778 31 Mar 1989 639s60.00
Radar Mite 465.0504 158.65741 52.10324 2447616.7791667 31 Mar 1989 6:41:60.00
Radar Nite 1174.0619 137.56062 13.53645 2447616.7805556 31 Mar 1989 6:43:60.00
Radar Nite 2000.9635 134.84919 1.98921 2447616.7819444 31 Mar 1989 6:45:60.00

Radar Mite 2030.5947 268.65142 1.73611 2447616.8430556 31 Mar 1989 8:13:60.00
Radar Mite 1723.6571 243.14690 5.02711 2447616.8444444 31 Mar 1989 8:15:60.00
Radar HIte 1810.7178 214.17797 3.99301 2447616.8458333 31 Mar 1989 817:60.00

Radar Sun 1963.8213 0.00000 0.00000 2447617.4638889 31 Mar 1989 23: 7t60.00
Radar Sun 1146.1421 0.00000 0.00000 2447617.4652778 31 Mar 1989 23: 9s60.00
Radar Sun 493.2919 0.00000 0.00000 2447617.4666667 31 Mar 1989 23:11:60.00
Radar Sun 815.0709 0.00000 0.00000 2447617.4680556 31 Mar 1989 23:13:60.00
Radar Sun 1602.8595 0.00000 0.00000 2447617.4694444 31 Mar 1989 23:15:60.00

Radar Sun 2085.3177 0.00000 0.00000 2447617.5305556 1 Apr 1989 0:43:60.00
Radar Sun 1387.8890 0.00000 0.00000 2447617.5319444 1 Apr 1989 0&45t60.00
Radar Sun 970.9358 0.00000 0.00000 2447617.5333333 1 Apr 1989 0:47:60.00
Radar Sun 1188.6644 0.00000 0.00000 2447617,5347222 1 Apr 1989 0.49:60.00
Radar Sun 1823.9628 0.00000 0.00000 2447617.5361111 1 Apr 1989 0:51:60.00

Eye 1961.9481 311.26585 2.32101 2447617.5986111 1 Apr 1989 2:21t60.00
Eye 1548.3600 336.89933 7.20644 2447617.6000000 1 Apr 1989 223t60.00
Bye 1535.6211 10.58344 7.41736 2447617.6013889 1 Apr 1989 225t60.00
Eye 1931.5906 36.89310 2.71488 2447617.6027778 1 Apr 1989 2127:60.00

Eye 2123.4635 320.32474 0.80735 2447617.6652778 1 Apr 1989 3:57:60.00
Eye 1550.5917 340.87963 7.23642 2447617.6666667 1 Apr 1989 3:59:60.00
Radar Nite 1309.5397 15.96171 10.99226 2447617.6680556 1 Apr 1989 41 1:60.00
Radar Nite 1566.2726 50.63020 7.04418 2447617.6694444 1 Apr 1989 41 3:60.00
Radar Mite 2146.5151 70.72677 0.62403 2447617.6708333 1 Apr 1989 41 5:60.00

Radar Nite 1929.3774 314.49818 2.74961 2447617,7319444 1 Apr 1989 5:33160.00
Radar Nite 1134.8566 324.38568 14.45246 2447617.7333333 1 Apr 1989 535t60.00
Radar Mite 555.4133 13.60599 40.37159 2447617.7347222 1 Apr 1989 537:60.00
Radar Mite 895.3790 95.94735 20.99377 2447617.7361111 1 Apr 1989 539160.00
Radar Hite 1661.2091 110.94454 5.76693 2447617.7375000 1 Apr 1989 5:41:60.00
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PREDICT TEST Cases Continued

Epoch Data : Site Data t Time Data
2447616.7557613 39.007 Latitude 2447616.50

15.23989724 n rev/day -104.883 Longitude 2900.00 min
0.00472400 ndot rev/2day2 7219.000 Altitude ft 2.00 min
0.0015500 a
-0.00041255 edot /day
47.6897 1
17.0000 omega dog
-5.16609 omega dot dog/day
347.8220 argp dog

4.8565 argp dot dig/day
12.18930 M dag

SDI Test Vehicle
GMT Time

Results: Range km Az E1 JD Hr Min Sac
Radar Sun 2491.3441 0.00000 0.00000 2447616.5027778 31 Mar 1989 0: 3:60.00
Radar Sun 1744.4504 0.00000 0.00000 2447616.5041667 31 Mar 1989 0: 5:60.00
Radar Sun 1112.1451 0.00000 0.00000 2447616.5055556 31 Mar 1989 0: 7:60.00
Radar Sun 902.7145 0.00000 0.00000 2447616.5069444 31 Mar 1989 0: 9:60.00
Radar Sun 1334.8551 0.00000 0.00000 2447616.5083333 31 Mar 1989 0:11:60.00
Radar Sun 2029.8266 0.00000 0.00000 2447616.E097222 31 Mar 1989 0:13:60.00

Eye 2436.0022 295.46095 1.34202 2447616.5722222 31 Mar 1989 1:43:60.00
Eye 1751.6968 308.33154 9.31720 2447616.5736111 31 Mar 1989 ls45:60.00
Eye 1244.0800 335.30518 18.97421 2447616.5750000 31 Mar 1989 1:47:60.00
Eye 1181.2137 20.14299 20.71962 2447616.5763669 31 Mar 1989 l49:60.00
Eye 1616.3785 51.87490 11.55082 2447616.5777778 31 Mar 1989 Is51S60.00
Radar Nite 2275.9654 66.90337 3.10551 2447616.5791667 31 Mar 1989 1:53:60.00

Eye 2118.4894 306.21328 4.74582 2447616.6416667 31 Nar 1989 3:23:60.00
Eye 1377.4916 317.09410 15.97508 2447616.6430556 31 Mar 1989 32560.00
Eye 823.5689 352.37747 35.23764 2447616.6444444 31 Mar 1989 3:27:60.00
Radar Nite 922.0105 64.56409 30.06431 2447616.6458333 31 Mar 1989 3:29:60.00
Radar Nite 1552.6138 89.85455 12.62974 2447616.6472222 31 Mar 1989 331:60.00
Radar Nite 2309.8287 98.56740 2.72530 2447616.6486111 31 Mar 1989 333s60.00

Eye 2455.2075 295.61743 1.30786 2447616.7097222 31 Mar 1989 5: 160.00
Radar ,ite 1677.8918 289.28005 10.56793 2447616.7111111 31 Mar 1989 5: 3:60.00
Radar Hite 990.5373 270.71878 27.00861 2447616.7125000 31 Mar 1989 5: 5:60.00
Radar Nite 744.6434 200.51973 40.51695 2447616.7138089 31 Mar 1989 5: 7a60.00
Radar Nite 1241.5301 155.71031 19.05895 2447616.7152778 31 Mar 1989 5t 960.00
Radar Nite 1981.1752 144.22351 6.29706 2447616.7166667 31 Mar 1989 5:1160.00

Radar Nite 2589.0907 269.36919 0.05152 2447616.7791667 31 Mar 1989 6:41:60.00
Radar Nite 2214.0846 250.77124 3.68364 2447616.7805556 31 Mar 1989 6s43:60.00
Radar Nito 2113.5288 227.62076 4.74483 2447616.7819444 31 Mar 1989 6s45:60.00
Radar Nite 2323.9185 205.66616 2.46324 2447616.7833333 31 Mar 1989 6:47&60.00

Radar Sun 2446.8868 0.00000 0.00000 2447617.4861111 31 Mar 1989 23:39:60.00
Radar Sun 1702.6732 0.00000 0.00000 2447617.4875000 31 Mar 1989 23:41:60.00
Radar Sun 1082.3864 0.00000 0.00000 2447617.4888889 31 Mar 1989 23:43160.00
Radar Sun 911.3134 0.00000 0.00000 2447617.4902778 31 Mar 1989 23:45:60.00
Radar Sun 1370.9522 0.00000 0.00000 2447617.4916667 31 Mar 1989 23t47&60.00
Radar Sun 2073.6509 0.00000 0.00000 2447617.4930556 31 Mar 1989 23s49:60.00

Eye 2370.5525 296.30467 1.89387 2447617.5555556 1 Apr 1989 1:19%60.00
Eye 1694.4411 309.99796 10.03566 2447617.5569444 1 Apr 1989 1:21:60.00
Eye 1213.4324 338.87481 19.55788 2447617.5583333 1 Apr 1989 1:23:60.00
Eye 1202.0828 24.03079 19.91303 2447617.5597222 1 Apr 1989 1:25:60.00
Eye 1669.9637 53.78315 10.52025 2447617.5611111 1 Apr 1989 1:27:60.00
Eye 2341.3572 67.86721 2.30967 2447617.5625000 1 Apr 1989 1:29:60.00

Eye 2023.2694 307.10127 5.72083 2447617.6250000 1 Apr 1989 2:59:60.00
Eye 1291.3953 319.35997 17.68211 2447617.6263889 1 Apr 1989 31 160.00
Eye 786.8104 1.08699 37.09810 2447617.6277778 1 Apr 1989 3: 3z60.00
Radar Nite 982.3397 69.85247 27.09128 2447617.6291667 1 Apr 1989 3: 5s60.00
Radar Nita 1643.3073 91.38986 10.90806 2447617.6305556 1 Apr 1989 3: 760.00
Radar Nite 2407.9625 99.26161 1.60714 2447617.6319444 1 Apr 1989 3: 960.00

Eye 2331.5258 294.96327 2.39071 2447617.6930556 1 Apr 1989 437:60.00
Radar Nite 1559.2440 287.70281 12.30580 2447617.6944444 1 Apr 1989 4:39:60.00
Radar Nita 902.0453 264.66811 30.54213 2447617.6958333 1 Apr 1989 4s41:60.00
Radar Nita 780.3541 188.26426 37.35505 2447617.6972222 1 Apr 1989 4:43:60.00
Radar Nita 1348.9459 152.83354 16.24654 2447617.6986111 1 Apr 1989 4145:60.00. Radar Nite 2103.6601 143.14627 4.68324 2447617.7000000 1 Apr 1989 4:47:60.00
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INTERPLANETARY Test Cases

Altitude at Burnout 200.0 kmGravitational Parameter Sun 132715440000.0 km3/s2

Dist from Equatorial mu V vhl vh2 vbo vret days
Sun km r km

Sun 0.0 696000.0 132715440000.0
Mercury 57900000.0 2440.0 22032.09 47.876 7.5343 9.6137 13.3400 10.5058 105.477
Venus 108100000.0 6051.5 324858.15 35.039 2.5035 2.7160 11.2897 10.6142 145.983
Earth 149599650.0 6378.1 398600.43 29.785
Mars 227800000.0 3389.9 42828.3 21.857 4.1745 3.5696 11.7735 6.1818 311.804
Jupiter 778000000.0 71492.0 125666537.0 13.061 8.7914 5.6431 14.0882 59.8762 996.945
Saturn 1426000000.0 60268.0 37931187.0 9.647 10.2877 5.4432 15.0674 35.8643 2206.984
Uranus 2868000000.0 25662.0 5793939.0 6.803 11.2799 4.6605 15.7615 22.7246 5849.555
Neptune 4494000000.0 24830.0 6609000.0 5.434 11.6532 4.0549 16.0308 25.2362 11166.384
Pluto 5896000000.0 1150.0 900.0 4.744 11.8129 3.6889 16.1472 10.7638 16587.827

J2 J3 J4 J6
Sun
Mercury 0.00008
Venus
Earth 0.00108263 -0.254x10-5 -0.161x10-5
Moon
Mars 0.001964 0.36x10-4
Jupiter 0.014736 -0.587x10-3 31x10-6
Saturn 0.016480 -0.936x10-2
Uranus 0.003349 -3.UxlO-5
Neptune 0.0043
Pluto

Bills, Bruce G., Planetary Geodesy, Reviews of Geophysics, Vol 25 No 5 pg 833-839,
June 1987.

TU Sun = 54.20765355 days
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RENDEZVOUS Test Cases

r I r 2 Initial Revs Final Wait Time

6628.1369008 42124.0019008 145.0000000 0 100.7638097 0.8724 TU

6628.1369008 42124.0019008 145.0000000 1 100.7638097 7.9717 TU

6628.1369008 42124.0019008 86.0000000 1 100.7638097 6.8082 TU

6628.1369008 6728.1369008 145.0000000 0 2.0027666 119.0353 TU

6628.1369008 6728.1369008 145.0000000 1 2.0027666 418.7104 TU

6628.1369008 6728.1369008 86.0000000 1 2.0027666 369.5970 TU

Orbit Changes Test Cases

HOHHANN Astro 321 reading

Orbit 1

Eccentricity 0.0 0.0
Altitude 191.0 km 191.0 km

Orbit 2

Eccentricity
Altitude

Orbit 3

Eccentricity 0.0 0.0
Altitude 35780.0 km 376310.0 km

DeltaV 0.497006 DU/TU 0.501684 DU/TU
3.935341 km/s 3.966000 km/s

TOF 23.454269 TU 529.564874 TU
5.256439 hra 118.683000 hr

ONE TANGENT Astro 321 reading

Orbit 1

Eccentricity 0.0 0.0
Altitude 191.0 km 191.0 km

Orbit 2

Eccentricity
Altitude
True Anomamly 160.0 175.0

Orbit 3

Eccentricity 0.0 0.0
ALtitude 35780.0 km 376310.0 km

DeltaV 0.594466 DU/TU 0.518508 DU/TU
4.699481 km/ 4.099000 km/s

TOF 15.426199 TU 370.619111 TU
3.457220 hrm 83.061000 hra

BI-ELLIPTIC AstrO 321 reading

Orbit I

Eccentricity 0.0 0.0
Altitude 191.0 km 191.0 km

Orbit 2

Eccentricity
Altitude 47836.0 km 503873.0 km (79 DU)

Orbit 3
Eccentricity
Altitude 35780.0 km 376310.0 km (59 DU)

DeltaV 0.530399 DU/TU 0.493858 DU/TU
4.193000 km/s 3.904128 km/s

TOF 86.540700 TU 2650.076000 TU
19.395000 hrs 593.919630 hs

E
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REENTRY

Vre = 7200.0 m/s
Flight Path Angle 

= -45.0 dog
Ballistic Coeff = 4500.0 kq/m2

Alt Val g's Alt Vol gos
km M/s km a/9

1.000 2108.397 -54.559 51.000 7190.499 -1.361
2.000 2466.629 -64.996 52.000 7191.712 -1.295
3.000 2828.443 -74.438 53.000 7192.771 -1.220
4.000 3187.101 -82.361 54.000 7193.694 -1.154
5.000 3536.872 -88.418 55.000 7194.499 -1.097
6.000 3873.151 -92.450 56.000 7195.202 -1.048

7.000 4192.466 -94.466 57.000 7195.i15 -1.004
8.000 4492.403 -94.606 56.000 7196.349 -0.966
9.000 4771.484 -93.100 59.000 7196.816 -0.933
10.000 5029.025 -90.229 60.000 7197.223 -0.904
11.000 5264.984 -86.290 61.000 7197.577 -0.879
12.000 5479.815 -81.571 62.000 7197.087 -0.857
13.000 5674.342 -76.335 63.000 7190.157 -0.838
14.000 5849.643 -70.811 64.000 7198.392 -0.821
15.000 6006.962 -65.187 65.000 7198.598 -0.807
16.000 6147.630 -59.613 66.000 7198.777 -0.794
17.000 6273.012 -54.203 67.000 7198.933 -0.783
18.000 6384.460 -49.041 61.000 7199.069 -0.773
19.000 6483.283 -44.160 69.000 7199.186 -0.765
20.000 6570.727 -39,655 70.000 7199.292 -0.757
21.000 6647.961 -35.482 71.000 7199.382 -0.751
22.000 6716.067 -31.663 72.000 7199.461 -0.745
23.000 6776.040 -28.192 73.000 7199.530 -0.740
24.000 6828.788 -25.055 74.000 7199.590 -0.736
25.000 6875.131 -22.233 75.000 7199.643 -0.732
26.000 6915.809 -19.706 76.000 7199.688 -0.729
27.000 6951.487 -17.450 77.000 7199.721 -0.726
28.000 6982.756 -15.442 78.000 7199.763 -0.724
29.000 7010.144 -13.660 79.000 7199.793 -0.722
30.000 7034.121 -12.083 30.000 7199.020 -0.720
31.000 7055.101 -10.689 11.000 7199.643 -0.718
32.000 7073.451 -9.459 82.000 7199.863 -0.717
33.000 7089.496 -8.375 83.000 7199.880 -0.716
34.000 7103.520 -7.422 84.000 7199.696 -0.715
35.000 7115.775 -6.584 85.000 7199.909 -0.714
36.000 7126.482 -5.849 86.000 7199.921 -0.713
37.000 7135.834 -5.203 87.000 7199.931 -0.712
38.000 7144.000 -4.636 85.000 7199.940 -0.711
39.000 7151.131 -4.142 19.000 7199.947 -0.711
40.000 7157.357 -3.709 90.000 7199.954 -0.710
41.000 7162.791 -3.329 91.000 7199.960 -0.710
42.000 7167.535 -2.997 92.000 7199.965 -0.710
43.000 7171.675 -2.707 93.000 7199.969 -0.709
44.000 7175.288 -2.453 94.000 7199.973 -0.709
45.000 7178.441 -2.231 95.000 7199.977 -0.709
46.000 7181.192 -2.038 96.000 7199.980 -0.709
47.000 7183.592 -1.868 97.000 7199.982 -0.708
48.000 7185.687 -1.721 98.000 7199.985 -0.706
49.000 7187.514 -1.592 99.000 7199.987 -0.708
50.000 7189.108 -1.479 100.000 7199.988 -0.708
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REENTRY Astro 321 problem

Vre = 6504.41 m/s
Flight Path Angle = -27.56 deg
Ballistic Coeff = 1200.00 kg/m2

Alt Val goS Alt Val got
km M/S km a/5

1.000 5.706 -0.464 51.000 6455.372 -2.498
2.000 14.026 -0.470 52.000 6461.617 -2.241
3.000 30.734 -0.495 53.000 6467.069 -2.017
4.000 60.920 -0.575 54.000 6471.828 -1.820
5.000 110.647 -0.785 55.000 6475.982 -1.648
6.000 186.211 -1.258 56.000 6479.607 -1.498
7.000 293.214 -2.182 57.000 6482.771 -1.367
8.000 435.682 -3.775 58.000 6485.532 -1.252
9.000 615.432 -6.227 59.000 6487.941 -1.151
10.000 831.808 -9.647 60.000 6490.043 -1.064
11.000 1081.802 -14.012 61.000 6491.877 -0.987
12.000 1360.475 -19.154 62.000 6493.477 -0.920
13.000 1661.554 -24.780 63.000 6494.873 -0.862
14.000 1978.083 -30.524 64.000 6496.091 -0.811
15.000 2303.024 -36.004 65.000 6497.153 -0.767
16.000 2629.738 -40.883 66.000 6498.080 -0.728
17.000 2952.330 -44.898 67.000 6498.888 -0.694
18.000 3265.852 -47.890 68.000 6499.594 -0.665
19.000 3566.380 -49.793 69.000 6500.209 -0.639
20.000 3851.002 -50.632 70.000 6500.745 -0.616
21.000 4117.743 -50.494 71.000 6501.214 -0.597
22.000 4365.444 -49.509 72.000 6501.622 -0.580
23.000 4593.630 -47.831 73.000 6501.978 -0.565
24.000 4802.378 -45.619 74.000 6502.289 -0.552
25.000 4992.185 -43.024 75.000 6502.560 -0.540
26.000 5163.854 -40.183 76.000 6502.796 -0.530
27.000 5318.401 -37.213 77.000 6503.002 -0.522
28.000 5456.974 -34.209 78.000 6503.182 -0.514
29.000 5580.786 -31.248 79.000 6503.339 -0.508
30.000 5691.069 -28.386 80.000 6503.476 -0.502
31.000 5789.039 -25.664 81.000 6503.595 -0.497
32.000 5875.867 -23.109 82.000 6503.699 -0.493
33.000 5952.663 -20.735 83.000 6503.790 -0.489
34.000 6020.467 -18.550 84.000 6503.869 -0.485
35.000 6080.237 -16.553 85.000 6503.938 -0.482
36.000 6132.854 -14.741 86.000 6503.999 -0.480
37.000 6179.120 -13.106 87.000 6504.051 -0.478
38.000 6219.759 -11.636 88.000 6504.097 -0.476
39.000 6255.424 -10.320 89.000 6504.137 -0.474
40.000 6286.699 -9.147 90.000 6504.172 -0.473
41.000 6314.105 -8.103 91.000 6504.202 -0.471
42.000 6338.107 -7.178 92.000 6504.229 -0.470
43.000 6359.117 -6.359 93.000 6504.252 -0.469
44.000 6377.499 -5.635 94.000 6504.272 -0.468
45.000 6393.576 -4.997 95.000 6504.290 -0.468
46.000 6407.631 -4.435 96.000 6504.305 -0.467
47.000 6419.916 -3.941 97.000 6504.319 -0.467
48.000 6430.651 -3.507 98.000 6504.330 -0.466
49.000 6440.029 -3.125 99.000 6504.340 -0.466
50.000 6448.219 -2.791 100.000 6504.349 -0.465
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HILLS

Start at t=0.0

r = 50.0 0.0 0.0 km
v = 0.0 0.4738 0.0 km/s

Altitude = 180 km

Position Velocity Required

Time X km Y km X k/e Ykm/s
min
0.0000 50.00000 0.00000 Infinite Infinite

1.0000 49.79160 2.84025 -0.83154 0.06103

2.0000 49.16754 5.66523 -0.41369 0.06079

3.0000 48.13116 8.45976 -0.27335 0.06038

4.0000 46.68804 11.20080 -0.20247 0.05983

5.0000 44.84593 13.89759 -0.15942 0.05912

6.0000 42.61474 16.51165 -0.13031 0.05829

7.0000 40.00647 19.03695 -0.10919 0.05732

8.0000 37.03513 21.45989 -0.09310 0.05625

9.0000 33.71670 23.76747 -0.06039 0.05507

10.0000 30.06903 25.94727 -0.07006 0.05381

11.0000 26.11172 27.98756 -0.06149 0.05248

12.0000 21.86605 29.87739 -0.05426 0.05109

13.0000 17.35484 31.60660 -0.04801 0.04966

14.0000 12.60235 33.16587 -0.04273 0.04819

15.0000 7.63413 34.54684 -0.03108 0.04670

16.0000 2.47688 35.74201 -0.03399 0.04519

17.0000 -2.84166 36.74517 -0.03038 0.04368

18.0000 -8.29290 37.55070 -0.02717 0.04218

19.0000 -13.84754 38.15435 -0.02432 0.04069

20.0000 -19.47570 36.55287 -0.02176 0.03922

21.0000 -25.14715 38.74413 -0.01948 0.03778

22.0000 -30.83137 38.72709 -0.01742 0.03636

23.0000 -36.49782 38.50184 -0.01557 0.03497

24.0000 -42.11602 38.06960 -0.01390 0.03362

25.0000 -47.65578 37.43268 -0.01238 0.03231

26.0000 -53.08731 36.59452 -0.01102 0.03103

27.0000 -58.38141 35.55962 -0.00978 0.02980

28.0000 -63.50962 34.33355 -0.00865 0.02860

29.0000 -68.44436 32.92289 -0.00763 0.02745

30.0000 -73.15911 31.33522 -0.00670 0.02634

31.0000 -77.62852 29.57910 -0.00585 0.02526

32.0000 -81.82856 27.66395 -0.00508 0.02423

33.0000 -85.73665 25.60007 -0.00430 0.02323

34.0000 -89.33178 23.39856 -0.00374 0.02227

35.0000 -92.59463 21.07125 -0.00316 0.02135

36.0000 -95.50764 18.63066 -0.00262 0.02047

37.0000 -98.05516 16.08991 -0.00213 0.01962

38.0000 -100.22349 13.46265 -0.00168 0.01880

39.0000 -102.00098 10.76302 -0.00128 0.01802

40.0000 -103.37806 8.00552 -0.00090 0.01726

41.0000 -104.34734 5.20498 -0.00056 0.01654

42.0000 -104.90361 2.37646 -0.00024 0.01584

43.0000 -105.04387 -0.46484 0.00005 0.01517

44.0000 -104.76737 -3.30364 0.00031 0.01453

45.0000 -104.07559 -6.12468 0.00055 0.01391

46.0000 -102.97226 -8.91279 0.00078 0.01332

47.0000 -101.46331 -11.65298 0.00098 0.01274

48.0000 -99.55685 -14.33052 0.00117 0.01219

49.0000 -97.26312 -16.93102 0.00134 0.01166

50.0000 -94.59447 -19.44050 0.00150 0.01115

51.0000 -91.56523 -21.84545 0.00165 0.01066

52.0000 -88.19170 -24.13297 0.00178 0.01019

53.0000 -84.49201 -26.29073 0.00190 0.00973

54.0000 -80.48605 -28.30716 0.00202 0.00929

55.0000 -76.19536 -30.17139 0.00212 0.00867

56.0000 -71.64300 -31.87342 0.00222 0.00845

57.0000 -66.85345 -33.40409 0.00230 0.00806

58.0000 -61.85247 -34.75517 0.00238 0.00767

59.0000 -56.66693 -35.91940 0.00246 0.00730

60.0000 -51.32471 -36.89052 0.00253 0.00694

.dl ...0



HILLS Kaplan pg. 114

Start at t=0.0

50.0 100.0 0.0 km
v = -0.1885 -0.1101 0.0 km/s

Altitude = 222 km

NOTE: This example does not match Kaplan since he uses a YXZ
coordinate system, rather than the XYZ coordinate listed here.
Using r 100 x 50 y 0 z will match Kaplan.

Position Velocity Required
Time X km Y km X e/s Y km/s
min
1.0000 50.00000 100.00000 -0.95386 -1.61176
2.0000 39.16109 93.40677 -0.53620 -0.78454
3.0000 29.28783 86.79694 -0.39666 -0.51293
4.0000 20.38005 80.20579 -0.32691 -0.38021
5.0000 12.43247 73.66856 -0.28526 -0.30299
6.0000 b.43463 67.22015 -0.25782 -0.25343
7.0000 -0.62899 60.89503 -0.23861 -0.21959
8.0000 -5.77887 54.72696 -0.22466 -0.19548
9.0000 -10.04041 48.74892 -0.21428 -0.17774

10.0000 -13.44374 42.99282 -0.20645 -0.16436
11.0000 -16.02357 37.48942 -0.20053 -0.15406
12.0000 -17.81902 32.26813 -0.19606 -0.14597
13.0000 -18.87339 27.35682 -0.19273 -,0.13950
14.0000 -19.23394 22.78174 -0.19031 -0.13421
15.0000 -18.95165 18.56733 -0.18861 -0.12981
16.0000 -18.08092 14.73610 -0.18751 -0.12606
17.0000 -16.67929 11.30852 -0.16690 -0.12278
18.0000 -14.80715 8.30290 -0.18661 -0.11986
19.0000 -12.52739 5.73530 -0.18673 -0.11719
20.0000 -9.90509 3.61942 -0.18715 -0.11469
21.0000 -7.00716 1.96658 -0.18774 -0.11231
22.0000 -3.90197 0.78560 -0.18850 -0.11001
23.0000 -0.65900 0.08279 -0.18941 -0.10775
24.0000 -0.19042 -0.10550
25.0000 -0.19113 -0.10325
26.0000 -0.19270 -0.10099
27.0000 -6.19392 -0.09870
28,0000 -0.19517 -0.09638
29.0000 -0.19645 -0.09402
30.0000 -0.19774 -0.09162
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GROUND TRACK

Time Lat Lon Orbit Elements
TU

0.0000 35.38473 35.66651 p = 1.04084

0.0996 38.82047 41.15173 a = 1.04112

0.1992 41.99389 47.04525 = 0.01637

0.2989 44.81139 53.35574 1 = 45.00000

0.3985 47.16810 60.06468 Omega = 3.07915

0.4981 48.95761 67.11902 Argp = 50.99729

0.5977 50.08645 74.42837 Nu = 0.00000

0.6974 50.49057 81.86994 x = 0.00000

0.7970 50.14850 89.30234
0.8966 49.08620 96.58508 U = Undefined

0.9962 47.37135 103.59781 L = Undefined

1.0958 45.09951 110.25328 Cappi z Undefined

1.1955 42.37775 116.50158

1.2951 39.31048 122.32669
1.3947 35.99018 127.73894 Time
1.4943 32.49317 132.76637

1.5940 28.87903 137.44729 31 War 1982 12:00:00.00

1.6936 25.19216 141.82476 or

1.7932 21.46426 145.94291 2445060.0
1.8928 17.71699 149.84481
1.9924 13.96435 153.57146
2.0921 10.21473 157.16155

2.1917 6.47250 160.65139
2.2913 2.73938 164.07549
2.3909 -0.98450 167.46696
2.4906 -4.69970 170.85810

2.5902 -8.40665 174.28099
2.6898 -12.10479 177.76804
2.7894 -15.79175 -178.64751
2.8890 -19.46230 -174.93116
2.9887 -23.10716 -171.04692
3.0883 -26.71154 -166.95731
3.1879 -30.25345 -162.62390

3.2875 -33.70176 -158.00838
3.3872 -37.01417 -153.07466
3.4868 -40.13562 -147.79221
3.5864 -42.99752 -142.14073
3.6860 -45.51901 -136.11617
3.7856 -47.61109 -129.73716
3.8853 -49.18446 -123.05028
3.9849 -50.16065 -116.13180
4.0845 -50.48443 -109.08385
4.1841 -50.13396 -102.02422
4.2838 -49.12512 -95.07183
4.3834 -47.50828 -88.33190
4.4830 -45.35884 -8).88488
4.5826 -42.76493 K5.78163
4.6822 -39.81587 -70.04441
4.7819 -36.59381 -64.67183
4.8815 -33.16903 -59.64514
4.9811 -29.59837 -54.93440
5.0807 -25.92573 -50.50339

5.1803 -22.18360 -46.31310
5.2800 -18.39508 -42.32394
5.3796 -14.57584 -38.49701
5.4792 -10.73595 -34.79462

5.5788 -6.88135 -31.18029
5.6785 -3.01521 -27.61856
5.7781 0.86099 -24.07454
5.8777 4.74642 -20.51337
5.9773 8.63993 -16.89962
6.0769 12.53902 -13.19675
6.1766 16.43863 -9.36655
6.2762 20.32977 -5.36874

6.3758 24.19776 -1.16092

6.4754 28.02017 3.30118
6.5751 31.76434 8.06255
6.6747 35.38473 13.16672
6.7743 38.82047 18.65194
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Cowells Method Results

Init 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period = 6.6639216 TU
Dt 0.5000000 TU
Jullan Date 2447538.5000000

RK4t 6.664 -0.52729937 0.48752671 0.71759037 -0.69471172 -0.72206412 -0.01934106
RK4p -0.52531386 0.48973595 0.71755114 -0.69857574 -0.71828295 -0.02072045
Kep -0.50960117 0.50959883 0.72068320 -0.70738340 -0.70738500 -0.00000113

J2 Pert -0.0011287 0.0011287 -0.0005321 0.0016826

TWo Body RX4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1,03999983 1.03557220 1.03557748 -4.427626323-03 -4.4223435683-03
e 0.01999986 0.01966154 0.01965897 -3.383193773-04 -3.4088806253-04
1 44.99999875 44.99999875 44.99957681 -3.469446953-18 -4.219406789E-04

4 Omega 45.00000000 45.00000000 44.61191529 0.000000003+00 -3.8808470543-01
Argp 90.00000000 90.37079536 90.71715645 3.707953563-01 7.1715644523-01
Nu 0.00009311 1.21661635 0.97722655 1.21652324+00 9.7713343993-01
M 0.00008944 1.16947502 0.93936498 1.169385583+00 9.392755402E-01

Init 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

p1mulate from 0.000 TU to 6.664 TU
Period 6.6639216 TU
Dt = 0.1000000 TU
Julian Date 2447538.5000000

R94t 6.664 -0.50961330 0.50958551 0.72068236 -0.70737485 -0.70739428 -0.00001374
RK4p -0.50754460 0.51164801 0.72068130 -0.71110417 -0.70364354 -0.00139344
Kop -0.50960117 0.50959883 0.72068320 -0.70738340 -0.70738500 -0.00000113

J2 Pert -0.0011287 0.0011287 -0.0005321 0.0016826

* TwO Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 1.03999847 1.03999848 -1.358296893-06 -1.3507460013-06
a 0.01999986 0.01999972 0.01999972 -1.388668383-07 -1.362893335E-07
1 44.99999875 44.99999875 44.99999878 -3.469446953-18 3.0003152983-08
Omega 45.00000000 45.00000000 44.61804864 1.387778783-17 -3.8195135663-01
Argp 90.00000000 90.00153899 90.40780034 1.538986213-03 4.0780034483-01
Nu 0.00009311 359.99956547 359.69916484 3.599994723+02 3.5969907175+02
H 0.00008944 359.99958260 359.71101989 3.599994933+02 3.5971093043+02

Init 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period 6.6639216 TU
Dt 0.0500000 TU
Julian Date 2447538.5000000

RX4t 6.664 -0.50960180 0.50959816 0.72068317 -0.70738295 -0.70738547 -0.00000178
RK4p -0.50753307 0.51166055 0.72068214 -0.71111218 -0.70363476 -0.00138148
Kep -0.50960117 0.50959883 0.72068320 -0.70738340 -0.70738500 -0.00000113

32 Port -0.0011287 0.0011287 -0.0005321 0.0016826

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 1.03999979 1.03999979 -4.273072093-08 -3.6567436113-08) e 0.01999986 0.01999985 0.01999986 -4.527592131-09 -7.739766435E-10

1 44.99999875 44.99999875 44.99999891 1.040834093-17 1.599299093E-07
Omega 45.00000000 45.00000000 44.61805286 6.938893903-18 -3.819471414E-01
Argp 90.00000000 90.00010762 90.40640319 1.076249402-04 4.064031902E-01
Nu 0.00009311 0.00003711 359.69960253 -5.600714663-05 3.596995094E+02
M 0.00008944 0.00003564 359.71144041 -5.380003973-05 3.597113510E+02
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Cowells Method Results

Init 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period 6.66392"6 TU
Dt = 0.0100000 TU
Julian Date 2447538.5000000

RK4t 6.664 -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000115
RK4p -0.50753246 0.51166120 0.72068217 -0.71111261 -0.70363431 -0.00138085
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

J2 Pert -0.0011287 0.0011287 -0.0005321 0.0016826

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 1.03999983 1.03999983 -1.36933949E-11 6.100741141E-09
e 0.01999986 0.01999986 0.01999986 -1.465947933-12 3.782742394E-09
i 44.99999875 44.99999875 44.99999892 3.46944695Z-18 1.640886736E-07
Omega 45.00000000 45.00000000 44.61805309 -1.04083409E-17 -3.8194690543-01
Argp 90.00000000 90.00000018 90.40629761 1.76977928E-07 4.062976113E-01
Nu 0.00009459 0.00009448 359.69965807 -1.092099653-07 3.5969956353+02
M 0.00009087 0.00009076 359.71149377 -1.04906263E-07 3.597114029E+02

Init 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period 6.6639216 TU
Dt 0.0050000 TU
Julian Date 2447538.5000000

RK4t 6.664 -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000115
RK4p -0.50753246 0.51166120 0.72068217 -0.71111261 -0.70363430 -0.00138085
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

J2 Pert -0.0011287 0.0011287 -0.0005321 0.0016826

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 1.03999983 1.03999983 -4.280044203-13 6.1139858623-09
e 0.01999986 0.01999986 0.01999986 -4.58862684E-14 3.784171819g-09
i 44.99999875 44.99999875 44.99999892 0.00000000E+00 1.640898162E-07
Omega 45.00000000 45.00000000 44.61805309 5.89805986.i-17 -3.8194690513-01
Argp 90.00000000 90.00000002 90.40629745 1.88659105E-08 4.062974478E-01
Nu 0.00009459 0.00009459 359.69965817 -6.979971423-09 3.5969956363+02
M 0.00009087 0.00009086 359.71149387 -6.704907579-09 3.597114030E+02

E
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Cowelis Method Results

Init 0.000 -0.50960000 0.50960000 0.72068320-0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period 6.6639216 TU
Dt 0.0100000 TU
Julian Dale 2441538.5000000 "

RK4t 6.664 -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000115
RK4p -0.50753246 0.51166120 0.72068217 -0.71111261 -0.70363431 -0.00138085
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

J2 Pert -0.0011287 0.0011287 -0.0005321 0.0016826

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 1.03999983 1.03999983 -1.369339493-11 6.100741141E-09
e 0.01999986 0.01999986 0.01999986 -1.465947933-12 3.782742394E-09
1 44.99999875 44.99999875 44.99999892 3.469446953-18 1.640886736E-07
Omega 45.00000000 45.00000000 44.61805309 -1.040834093-17 -3.819469054E-01
Argp 90.00000000 90.00000018 90.40629761 1.76977928E-07 4.062976113E-01
Nu 0,00009459 0.00009448 359.69965807 -1.092099653-07 3.596995635E+02
H 0,00009087 0.00009076 359.71149377 -1.049062638-07 3.5971140293+02

Init 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period 6.6639216 TU
Dt 0.0100000 TU
Julian Date 2447538.5000000

RK4t 6.664 -0.5096019 0.50959881 0.72068320 -0.70738339 -0.70730501 -0.00000115
iK4p -0.50935818 0.50984119 0.72068318 -0.70751242 -0.70725590 0.00018050
Hep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

J3 Pert 0.0000010 -0.0000010 -0.0000043 0.0000046

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 1.03999983 1.03993984 -1.369339498-11 1.0470922903-08
o 0.01999986 0.01999986 0.02000000 -1.46594793E-12 1.361629665E-07
1 44.99999875 44.99999875 44.99999889 3.469446951-18 1.32714872SE-07
0zega 45.00000000 45.00000000 44.99994908 -1.04083409C-17 -5.0923932338-05
Argp 90.0000000 90.00000018 90.21138580 1.769779283-07 2.1138579668-01
Mu 0.00009459 0.00009448 359.76947415 -1.092099659-07 3.597693796E+02
M 0.00009087 0.00009076 359.77855866 -1.049062639-07 3.5977846783+02

Init 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period 6.6639216 TU
Dr 0.0100000 i'U
Julian Date 2447538.5000000

RK4t 6.664 -0.50960119 0.50959881 0.72068)20 -0.70738339 -0.7073850L -0.00000115
RK4p -0.50961634 0.50958366 0.72068320 -0.70737189 -0.70739651 -0.00001454
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

J4 Pert 0.00U0010 -0.0000010 -0.0000027 0.0000031

Two Body RK4 TwO Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 .03999983 1.03999983 -1.369339499-11 -1.3693182223-11
e 0.01999986 0.01999986 0.01999986 -1.465947933-12 1.834034599E-13
1 44.99999875 44.99999875 44.99999875 3.469446953-18 -1.8773836652-12
Omega 45.0U000000 45.00000000 45.00016451 -1.04083409Z-17 1.6451437180-04
Argp 90.00000000 90.00000018 90.00093124 1.76977928-07 9.312381997E-04
Nu 0.00009159 0.00009448 0.00025130 -1.092099653-07 1.5671072773-04
M 0.00009087 0.00009076 0.00024140 -1.049062633-07 1.5053513583-04

----



Cowells Method Results

Init 0.00O -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TUPeriod = 6.6639216 TU
Dt = 0.0100000 TU
Julian Date 2447538.5000000

RK4t 6.664 -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000115
RK4p -0.50960129 0.50959873 0.72068317 -0.70738337 -0.70738504 -0.00000130
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

Sun -0.00"ULU0 0.0000000 0.0000000 0.0000001

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 1.03999983 1.03999983 -1.369339492-11 3.410645269-Il
e 0.01999986 0.01999986 0.01999987 -1.46594793E-12 8.6202365023-09
1 44.99999875 44.99999875 44.99999679 3.46944695E-18 -1.9623262953-06
Omega 45.00000000 45.00000000 44.99999286 -1.04083409E-17 -7.137930274E-06
Argp 90.00000000 90.00000018 90.00003732 1.769779283-07 3.7320881503-05
Nu 0.00009459 0.00009448 0.00006956 -1.09209965E-07 -2.503655785E-05
H 0.00009087 0.00009076 0.00006682 -1.04906263E-07 -2.404992864E-05

Init 0.000 -0.50960000 0.50960000 0,72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period 6.6639216 TU
Dt = 0.0100000 TU
Julian Date 2447538.5000000

RK4t 6.664 -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000115
RK4p -0.50960051 0.50959885 0.72066344 -0.70738306 -0.70738462 -0.00000106
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

Moon -0.0000002 -0.0000000 -0.0000000 0.0000002

Two Body RK4 Two Body RK4 Perturbed ?-Body Delta Perturbed Delta
a 1.03999983 1.03999983 1.03999962 -1.36933949E-lI -2.062930837E-07
e 0.01999986 0.01999986 0.01999981 -1.46594793E-12 -4.600062723E-08

4 44.99999875 44.99999875 45.00002620 3.46944695E-18 2.7449841333-05
Omega 45.00000000 45.00000000 44.99997014. -1.04083409E-17 -2.986394181E-05
Argp 90.00000000 90.00000018 90.00003675 1.76977928E-07 3.6746357703-05
Hu 0.00009459 0.00009448 0.00005009 -1.09209965E-07 -4.4499519203-05
H 0.00009087 0.00009076 0.00004812 -1.049062633-07 -4.274589598E-05

Ballistic Coefficient = 365.8536585 kg/m2

Init 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period = 6.6639216 TU
Dt 0.0100000 TU
Jukian Date 2447538.5000000

RK4t 6.664 -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000115
RK4p -0.51002355 0.50916450 0.72067414 -0.70705869 -0.70764340 -0.00041346
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

Drag 0.0000394 0.0000394 0.0000000 0.0000557

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 1.03999983 1.03987334 -1.36933949E-11 -1.264920157E-04
e 0.01999986 0.01999986 0.01989239 -1.465947932-12 -1.074718957E-04

44.99999875 44.99999875 44.99997419 3.46944695E-18 -2.456034674E-05
Omega 45.00000000 45.00000000 44.99999980 -1.04083409E-17 -1.985707608E-07
Argp 90.00000000 90.00000018 90.00040346 1.76977928E-07 4.034605799E-04
NU 0.00009459 0.00009448 0.03374512 -1.09209965E-07 3.365052897E-02
H 0.00009087 0.00009076 0.03242235 -1.04906263E-07 3.233148336E-02

E-46



Cowells Method Results

lnt 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period 6.6639216 TU
Dt 0.0100000 TU
Julian Date 2447538.5000000

HK4t 6.664 --0.50960119 0.50959681 0.72068320 -0.70738339 -0.70738501 -0.00000115
RM4p -0.50960122 0.50959879 0.72068320 -0.70738337 -0.70738502 -0.00000116
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

Solar -0.0000000 0.0000000 0.0000000 0.0000000

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Delta
a 1.03999983 1.03999983 1.03999983 -1.369339493-11 -1.325367778E-11
e 0.01999986 0.01999986 0.01999986 -1.46594793E-12 -3.204886061E-09
1 44.99999875 44.99999875 44.99999875 3.469446953-18 -2.539041546E-11

C Omega 45.00000000 45.00000000 45.00000001 -1.040834093-17 5.353852705E-09
Argp 90.00000000 90.00000018 89.99997661 1.769779283-07 -2.3392724803-05
Nu 0.00009459 0.00009448 0.00012002 -1.092099653-07 2.542986591E-05
M 0.00009087 0.00009076 0.00011529 -1.04906263E-07 2.442773696E-05

Inir 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000

Simulate from 0.000 TU to 6.664 TU
Period 6.6639216 TU
Dt = 0.0100000 TU
Julian Date 2447538.5000000

RK4U 6.664 -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000115
RK4p -0.50772080 0.51146328 0.72067363 -0.71091336 -0.10377026 -0.00161726
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000114

J? Port -0.0011287 0.0011287 -0.0005321 0.0016826
33 Port 0.0000010 -0.0000010 -0,0000043 0.0000046
J4 Pert 0.0000010 -0.0000010 -0.0000027 0.0000031
Sun -0.0000000 0.0000000 0.0000000 0.0000001
Moon -0.0000002 -0.0000000 -0.0000000 0.0000002
Drag 0.0000394 0.0000394 0.0000000 0.0000557
Solar -0.0000000 0.0000000 0.0000000 0.0000000

Two Body RK4 Two Body R1K4 Perturbed 2-Body Delta Perturbed Delta
C 1.03999983 1.03999983 1.03987702 -1.36933949E-11 -1.228044552E-04
e 0.01999986 0.01999986 0.01989571 -1.465947933-12 -1.041513196E-04
1 44.99999875 44.99999875 45.00000095 3.469446953-18 2.202087974E-06
0009a 45.00000000 45.00000000 44.61807138 -1.04083409C-17 -3.819286195E-01
Argp 90.00000000 90.00000018 90.61870002 1.76977928E-07 6.187000175E-01
Nu 0.00009459 0.00009448 359.50259568 -1.092099653-07 3.595025011E+02
M 0.00009087 0.00009076 359.52209638 -1.049062633-07 3.5952200553+02

E
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